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The objective of this thesis is to examine neural activity in the pigeon brain during a 
wide range of categorisation tasks. Single-unit electrophysiology will be used to record 
from neurons in a prefrontal area (NCL) and an intermediary visual area (ENTO), in an 
attempt to understand how neurons in both of these areas are involved in the 
categorisation process, and how neurons from these areas use reward/behavioural 
information and visual information about categories during discrimination. We then 
present an integrated model of the neural correlates of categorisation in the pigeon brain 
based on our findings. 
This thesis starts with an exploration into the second intermediary visual area and the 
termination point of the thalamofugal pathway, the visual Wulst (Chapter 3). While we 
found some interesting evidence of the Wulst being a highly reward-driven visual area, 
we decided not to continue recording from this area for the remainder of the studies as 
further research is needed to understand the Wulst’s primary mode of processing. 
The first of the categorisation tasks was a semi-symbolic categorisation task, in which 
birds learned to distinguish several English four-letter words from four-letter nonwords 
(Chapter 4). Neural activity was recorded while the pigeons discriminated their learned 
“vocabularies” from an extensive pool of nonwords. We found that there were no 
differences between activity to words and non-words, except in birds who were 
potentially still learning the task. We argue that behavioural information such as reward 
v 
 
helps guide categorisation in NCL and ENTO before learning but is likely no longer used 
after learning. 
In the second categorisation task, we trained birds to respond to either Monet or 
Picasso paintings using an S+/S- paradigm (Chapter 5). We recorded neural activity from 
an additional area of interest known as the mesopallium ventrolaterale (MVL), a higher-
order visual area. In both NCL and ENTO, we found a significant left-hemisphere 
dominance for both reward and visual-based categorisation, while no such asymmetry 
was found in MVL. Furthermore, both NCL and ENTO appear to use reward information 
during categorisation when there is the opportunity to (i.e. differential rewards), but MVL 
does not.  
The third categorisation task involved more complex stimuli, in which category 
exemplars are comprised of four smaller stimuli (Chapter 6). Exemplars from both 
categories share some features (irrelevant features), while other features are unique to 
each category (relevant features). We found that both excitatory and inhibitory ENTO 
neurons use visual (colour) and behavioural (relevancy) information to aid categorisation, 
and we posit that these neurons relay this information onto excitatory NCL neurons. 
Inhibitory NCL neurons then use the information encoded and received by ENTO and 
excitatory NCL neurons to execute a behavioural decision. 
The final categorisation task involved the same stimuli as the Monet/Picasso study in 
Chapter 5, but in a delayed matching-to-category (DMC) paradigm instead of the original 
S+/S- paradigm (Chapter 7). We present preliminary results indicating that NCL, ENTO, 
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Categorisation is a fundamental process used to organise and simplify incoming 
information from the environment around us (Fabre-Thorpe, 2003). For example, it is 
through categorisation that we are able to recognise that both an apple and an orange are 
food but that a tennis ball is not food, despite all three items sharing similar properties, 
i.e., shape. The category of ‘food’ is an abstract category as it contains a wide variety of 
items that greatly differ in their physical properties (see Figure 1-1a). However, the 
category of ‘apples’ is a far more concrete category as all types of apples share many 
similar visual and physical properties (see Figure 1-1b). Being able to group objects and 
items by their function, and ignoring extraneous information, is an important part of 
cognition (Cromer, Roy, & Miller, 2010). Consequently, categorisation has been 
extensively studied in humans, and it is widely recognised that categorisation is 
comprised of multiple learning systems (Ashby & Ell, 2001; Ashby & Maddox, 2011; 
Gluck, Poldrack, & Kéri, 2008; Smith, Ashby, Berg, Murphy, Spiering, Cook, & Grace, 
2011; Smith & Grossman, 2008). It should be noted that the ability to group familiar 
objects into categories is known as discrimination, and while a core component of 
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Figure 1-1: Abstract and concrete categories. 
An example of an abstract category (a) and a concrete category (b). The category of 
‘food’ is abstract because members of the category often do not share similar visual 
and physical properties but do share a similar function – nourishment. The category 
of ‘apples’ is concrete because all members of the category have highly similar visual 
and physical properties.  
 
 
At a higher-order level, categories can be learned by applying rules and hypotheses 
about category membership to a new item within working memory (explicit system; 
Ashby & Maddox, 2011; Smith et al., 2011; Smith & Grossman, 2008). On a lower level, 
categories can also be learned through simple behaviour-perception associations, which 
are strengthened with reinforcement (implicit system; Ashby & Maddox, 2011; Gluck et 
al., 2008; Smith et al., 2011). In humans, the explicit system has been shown to encompass 
a broad neural network between the prefrontal cortex, anterior cingulate gyrus, the 
hippocampus, and the head of the caudate nucleus (Ashby & Maddox, 2011), similar to 
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the neural network involved in the executive control of attention (Rossi, Pessoa, 
Desimone, & Ungerleider, 2009). On the other hand, the implicit system appears to rely 
on the striatum (Smith et al., 2011), in particular, at cortical-striatal synapses (Ashby & 
Maddox, 2011).   
The ability to categorise has previously thought to have been either restricted to 
humans (Herrnstein, 1984) or to chimpanzees exposed to language-training (Premack, 
1983), as many categories are defined by ideas, words, and concepts in human language 
(Lea, 1984). However, many other non-human animals have since shown the ability to 
categorise information. For animals, categorisation is highly important on an ecological 
level, as it allows animals to recognise food from non-foods, as well as identifying 
potential predators. As such, some concepts or categories are not reliant on human 
language. Wild vervet monkeys are known to produce unique alarm calls for different 
types of predators, which in turns elicits different behavioural responses from surrounding 
monkeys (Seyfarth, Cheney, & Marler, 1980). That is, if a predator is categorised as being 
a leopard, alarm calls and responses will be different than if a predator is categorised as 
being an eagle.  
In experimental studies, non-human primates can categorise various objects. For 
example, apes and monkeys are able to distinguish pictures containing humans from 
pictures without humans (D’Amato & Van Sant, 1998; Schrier & Brady, 1987), animals 
versus non-animals (Roberts & Mazmanian, 1988; Vonk, Jett, Mosteller, & Galvan, 
2013), food versus non-food objects (Fabre-Thorpe, 2003; Fabre-Thorpe, Richard, & 
Thorpe, 1998), as well as complex visual images (Vogels, 1999) and morph images 
(Cromer et al., 2010; Freedman, Riesenhuber, Poggio, & Miller, 2001).   
4 
 
Non-primates such as rats also can categorise arrays of visual stimuli (Wasserman, 
Castro, & Freedman, 2012) as well as complex acoustic stimuli (Mercado, Orduña, & 
Nowak, 2005). Larger carnivores, such as dogs, are able to discriminate pictures of dogs 
from landscapes (Range, Aust, Steurer, & Huber, 2008), and black bears are able to 
categorise animals versus non animals (Vonk, Jett, & Mosteller, 2012). Even bees have 
the capacity to categorise natural objects such as flowers, plants, and landscapes (Zhang, 
Srinivasan, Zhu, & Wong, 2004). The ability to categorise information seems like a 
fundamental capacity across a range of different animals. For this thesis, the focus will 
be the categorical abilities of birds, and in particular, pigeons, which will be discussed in 
the following section. 
 
1.1. The Categorical Abilities of Pigeons 
Herrnstein and Loveland (1964) conducted one of the first studies investigating 
categorisation in animals in which pigeons were trained to discriminate between photos 
that contained a human versus photos without a human. Pigeons were not only able to 
categorise familiar human photos (that is, the ones they were originally trained with), but 
also generalise this ability to novel human photos. Furthermore, when pictures of humans 
were pasted into familiar non-human photos, pigeons were still able to categorise these 
as human photos, indicating that they were discriminating based on whether the photos 
included humans and not by the fact that certain backgrounds were associated with 
humans (Aust & Huber, 2001). In a similar experiment, Herrnstein (1979) demonstrated 
that pigeons could discriminate between photos containing trees and photos without trees. 
Other studies have also demonstrated that pigeons can easily discriminate various natural 
objects (Bhatt, Wasserman, Reynolds, & Knauss, 1988; Cook, Wright, & Drachman, 
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2013; Wasserman, Kiedinger, & Bhatt, 1988), as well as man-made objects (Bhatt et al., 
1988; Morgan, Fitch, Holman, & Lea, 1976) and even multidimensional sine wave 
gratings based on frequency or orientation (Berg & Grace, 2011).  
A few studies have also examined whether pigeons are able transfer to altered or novel 
stimuli, which are usually created by changing or deleting single features of the original 
stimuli. Aust and Huber (2002) trained pigeons to discriminate photos of humans and 
photos without humans as in Herrnstein and Loveland (1964), and then tested pigeons 
with new images that contained only some human or human-like features. For example, 
transfer stimuli included pictures with small humans, human silhouettes, individual body 
parts, clothing, primates and other animals, or ‘pseudohumans’, which were objects that 







Figure 1-2: Transfer stimuli used in Aust and Huber (2002). 
The transfer stimuli from Aust and Huber (2002) that were used after pigeons were 
trained to discriminate photos with humans from photos without humans. Pigeons 
were tested with these stimuli to understand if pigeons were basing their original 
discriminations on singular local features or global features. Clothes isol, clothes 
isolated; Pseudoh, pseudohumans. Adapted from Aust and Huber (2002).1 
 
 
Aust and Huber (2002) found that pigeons did not classify small humans and 
silhouettes as indicative of people being present in the picture, but pseudohumans and 
 
1 Adapted by permission from Springer Nature: Animal Learning and Behavior, Target-defining features 
in a “people-present/people-absent” discrimination task by pigeons, Aust & Huber, Copyright 2002. 
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animals wearing clothing did trigger a person-present response. However, animals on 
their own were not categorised as people-present. Interestingly, certain individual body 
parts such as hands did trigger the people-present response, yet other parts such as feet 
and skin did not. Other studies have demonstrated a similar effect in which certain partial 
features of a stimulus can often trigger a categorisation response from pigeons, such as 
parts of the letter A and number 2 in an A versus 2 discrimination (Morgan et al., 1976), 
and isolated facial features in a happy versus angry human faces discrimination 
(Jitsumori, & Yoshihara, 1997). 
Since pigeons are able to transfer to either singular local features of stimuli, or stimuli 
missing some local features, it is widely recognised that pigeon discrimination must be 
on the basis of several local features, rather than perceiving the stimulus as a whole (Aust 
& Huber, 2002; Ghosh, Lea, & Noury, 2004; Jitsumori & Yoshihara, 1997; Morgan et 
al., 1976). That is, pigeons appear to categorise objects based on the proportion of 
elements the new object shares with previously learned exemplars from a category, which 
some researchers refer to as a Common Elements Model (Soto & Wasserman, 2010; 
2012). 
 
1.2. The Avian Brain 
For this thesis, the aim is to explore neural activity via single-unit electrophysiology 
in pigeons during a wide range of discrimination tasks. Considerable advances have been 
made in the last 10 years concerning the evolution and development of the avian brain. 
Following a classical view of telencephalic evolution, vertebrate brains were thought to 
develop in a progressive and unilinear fashion from lower to higher forms of intelligence 
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(The Avian Brain Nomenclature Consortium [ABNC], 2005). That is, avian brains were 
thought to be a primitive or underdeveloped version of the human brain. Comparisons 
with human and mammalian brains led researchers to believe that the avian brain had 
evolved a large basal ganglia subdivision: in essence, a hypertrophied striatum 
(Güntürkün, 2005b). The avian striatum was thought to consist of three main 
subdivisions: paleo-, archi-, and neostriatum (ABNC, 2005). The striatum in the 
mammalian brains is not usually associated with cognition or cognitive abilities, and 
historically this fit with the view that the cognitive abilities of birds was limited.  
More recent evidence, however, indicates that birds do not differ qualitatively from 
mammals and primates in terms of cognitive capabilities, and that previously conceived 
differences between these species can be traced back to confounding contextual variables 
(for a review, see Colombo & Scarf, 2020). Scrub-jays have displayed episodic memory 
(Clayton & Dickinson, 1998), a facet of theory of mind previously thought to only be 
present in humans, and crows can make tools to retrieve food (Weir, Chappell, & 
Kacelnik, 2002). Pigeons in particular have demonstrated cognitive abilities such as 
memorising visual patterns (von Fersen & Delius, 1989), understand abstract numerical 
reasoning (Scarf, Hayne, & Colombo, 2011) and using transitive logic (von Fersen, 
Wynne, Delius, & Staddon, 1991).  
Furthermore, research has shown that the brain of birds is more conserved than 
previously thought (Güntürkün, 2005b) and is actually comprised of many pallial regions 
that resemble mammalian neocortex (Güntürkün, 2005a). Based on molecular 
embryology and the prevalence of dopaminergic pathways, the ABNC (2005) proposed 
that the classical view of the avian brain consisting of three striatal regions be re-
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examined. Instead, the ABNC (2005) posited that the avian brain consists of four pallial 
regions that are homologous to mammalian pallial regions (see Figure 1-3).  
 
 
Figure 1-3: Illustration of the avian and mammalian brains.  
The classical and modern view of the avian brain (left side) compared to a mammalian 
brain (right side). Ac, nucleus accumbens (nucleus striae terminalis lateralis); B, 
nucleus basalis (basorostralis); Cd, caudate nucleus; CDL, dorsolateral corticoid area; 
E, entopallium; GP, globus pallidus (i, internal segment; e, external segment); HA, 
hyperstriatum accessorium (hyperpallium apicale); Hp, hippocampus; HV, 
hyperstriatum ventrale (mesopallium ventrale);  IHA; interstitial hyperstriatum 
accessorium (interstitial hyperpallium apicale); L2, field L2; LPO, lobus 
parolfactorius (medial striatum); MV, mesopallium ventral; OB, olfactory bulb; Pt, 
putamen; TuO, olfactory tubercle. From ABNC (2005)2. Italicised names are revised 
nomenclature as defined by Reiner et al. (2004). 
 
2 Reprinted by permission from Springer Nature: Nature Reviews Neuroscience, Avian brains and a new 
understanding of vertebrate brain evolution, Jarvis, E. D. et al., Copyright 2005.  
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Over the past decade, birds have become a popular non-human animal model for vision 
due to their highly evolved visual systems and abilities. Some avian brains have been 
shown to contain around twice as many neurons as mammalian brains of the same size 
(Olkowicz, Kocourek, Lučan, Porteš, Fitch, Herculano-Houzel, & Němec, 2016), and 
avian eyes are large compared to the size of their body (Cook, 2000), both which lead to 
the avian brain being highly specialised and efficient for processing visual information. 
Indeed, birds are able to detect more colours than humans and perceive images at higher 
resolutions (Cook, 2000), and can detect subtle luminosity differences that humans cannot 
(Hodos, Bessette, Macko, & Weiss, 1985). 
This thesis will focus on two forebrain areas of the pigeon brain: the nidopallium 
caudolaterale (NCL) and the entopallium (ENTO). 
  1.2.1. Anatomy and architecture of the nidopallium caudolaterale 
(NCL) 
The nidopallium caudolaterale (NCL) is a region in the dorsolateral forebrain that is 
considered to be analogous to mammalian neocortex (Rehkämper & Zilles, 1991), 
specifically, the prefrontal cortex (PFC; Güntürkün, 2005a; 2005b). Both the PFC and 
NCL are one of the main termination areas for dopaminergic fibres in the brain (Divac & 
Mogensen, 1985) which are highly myelinated (Rehkämper & Zilles, 1991). Furthermore, 
like the PFC, NCL has similar reciprocal connections to motor areas, primary and 
secondary sensory areas, and the amygdala (Güntürkün, 2005b; Kröner & Güntürkün, 
1999). However, one difference is that the PFC receives afferent projections from the 
mediodorsal (MD) nucleus of the thalamus, whereas NCL receives projections from the 
dorsolateral posterior (DLP) nucleus – which while not homologous areas (Kröner & 
Güntürkün, 1999), both MD and DLP fulfil similar functions (Güntürkün, 1997).  
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  1.2.2. The function of the NCL 
Evidence of the functional similarities between the PFC and NCL come from lesion 
and behavioural studies which require animals to retain information to later guide 
behaviour. Many studies have demonstrated that lesions to the mammalian PFC are 
detrimental to an animal’s ability to hold information during a delay period, indicating 
that the PFC is involved in working memory (WM; Dunnett, Nathwani, & Brasted, 1999; 
Jacobsen, 1936; see Curtis & D’Esposito, 2004 for a review). Similarly, lesions to the 
avian NCL disrupts delay performance (Gagliardo, Bonadonna, & Divac, 1996; 
Güntürkün, 1997), with the effect of the lesion on working memory being proportional to 
the size of the lesion (Diekamp, Gagliardo, & Güntürkün, 2002). Evidence from single-
unit electrophysiology also shows that avian NCL neurons hold information within 
working memory during a delay (Johnston, Anderson, & Colombo, 2017a; Veit, 
Hartmann, & Nieder, 2014). 
Other functions of the NCL include executive control. Rose and Colombo (2005) 
found that when birds were instructed to remember information (via a high-frequency 
tone) presented to them before a delay period, NCL neurons displayed sustained 
activation during the delay. When birds were instructed to forget the information (via a 
low-frequency tone) presented before the delay period, NCL neurons did not display the 
same sustained activation. Thus, it appears that NCL neurons are involved in the control 
of selectively remembering or forgetting information.  
However, when given the opportunity to code reward-related information, NCL 
neurons appear to default to coding this type of information. In a similar study to Rose 
and Colombo (2005), Browning, Overmier, and Colombo (2011) instructed birds to either 
remember or forget information presented before a delay period, but reward was only 
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given following the presentation of one stimulus (red dot) and not the other (white dot). 
Browning et al. (2011) found that introducing differential reward outcomes changed the 
role of NCL neurons from remembering/forgetting information during the delay, to 
coding whether a reward would be given. Other studies have also shown that NCL 
neurons will default to reward coding over coding to-be-remembered information during 
a delay if there is the opportunity to do so (Johnston, Anderson & Colombo, 2017b). 
Similarly, mammalian PFC is involved in reward-related processing, especially when 
reward is used to help guide learning (Izquierdo, Suda, & Murray, 2004; Ono, Nishino, 
Fukuda, Sasaki, & Nishijo, 1984; Tzschentke, 2000). 
  1.2.3. The role of PFC and NCL in categorisation 
In primates, PFC activity has been implicated in categorical processing. Freedman et 
al. (2001; 2003) trained rhesus monkeys to categorise sets of cat/dog morphed images 
into the ‘cat’ or ‘dog’ category based on which animal made up the largest proportion of 
the morphed image. Freedman et al. (2001; 2003) found that PFC activity differentiated 
between the cat and dog categories, but also that activity within each category was similar, 
indicating that the PFC is involved in the categorical representation of information (for a 
more comprehensive review of morph studies, see section 7.1.1.).  
A few studies have examined the neural basis of categorisation in the avian NCL. In 
crows trained to discriminate between small and large numerosities, individual NCL 
neurons tend to selectively fire to a ‘preferred numerosity’ (Ditz & Nieder, 2015; 2016). 
Furthermore, the firing of these numerosity-selective neurons is proportionate to how 
close a particular numerosity is to their preferred numerosity. That is, if a particular 
neuron’s preferred numerosity is five, that neuron will fire at a lower rate to other 
numerosities close to five (i.e. four and six), but not at all to numerosities far from five 
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(i.e. one and nine), indicating that NCL neurons appear to categorise numerical quantities 
on a gradient, rather than in absolute numbers. Another study by Veit, Pidpruzhnykova, 
and Nieder (2017) trained crows on a delayed paired association task, in which novel 
stimuli were arbitrarily assigned to one of two previously learned categories (red and blue 
choice keys). While discriminating between familiar (learned) stimuli, NCL neurons 
showed selectivity towards the behavioural choices, that is, some neurons preferred the 
red category, while others preferred the blue category. When presented with a novel 
stimulus (new learning), the same choice-selective neurons would only fire if the novel 
stimulus belonged to the category the choice-selective neuron preferred. That is, when 
assigning a new stimulus to a learned category, NCL neural activity seems to encode 
associations based their behavioural meaning or outcomes.  
To our knowledge, only two studies have examined the role of the pigeon NCL in 
categorisation. In one study, Kirsch, Vlachos, Hausmann, Rose, Yim, Aertsen, and 
Güntürkün (2009) trained pigeons on a go/nogo task, in which mandibulation responses 
to a lightning or heart stimulus (go stimuli/category) and withholding mandibulation for 
a triangle or cross stimulus (nogo stimuli/category) resulted in reward (Figure 1-4). 
Kirsch et al. (2009) found that during the early stages of learning the categories, NCL 
neural activity occurred just before and during the reward period, indicating that these 
neurons were coding rewards associated with similar behavioural outcomes. That is, 
rewards given for stimuli that required mandibulation responses (go category) were coded 
differently from rewards given for stimuli that required withholding mandibulation (nogo 
category). However, once birds had learned the task, NCL neural activity discriminated 
between go/nogo stimuli from the onset of presentation and through the reward period, 
indicating that NCL neurons were now associating rewards with the stimuli themselves, 
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rather than just the behavioural response required to obtain reward. On a behavioural 
level, the changes in how NCL neurons are activated as categories are learned may 
suggest that reward is highly important for learning the category boundaries initially, but 




Figure 1-4: The behavioural task from Kirsch et al. (2009). 
During the stimulus period, if the heart or lightning stimulus was presented, birds had 
to open their beak (mandibulate) in order to receive 1.5 s access to water. If the triangle 
or cross stimulus was presented, birds were required to refrain from mandibulating in 
order to receive 1.5 s access to water. Incorrect responses to any stimulus resulted in 
a 3 s time-out punishment. Adapted from Kirsch et al. (2009).3 
 
 
3 Reprinted from Behavioural Brain Research, 198, Kirsch, J. A., Vlachos, I., Hausmann, M., Rose, J., Yim, 
M. Y., Aertsen, A., & Güntürkün, O., Neuronal encoding of meaning: Establishing category-selective 
response patterns in the avian ‘prefrontal cortex’, 214-223, Copyright 2009, with permission from Elsevier. 
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Lengersdorf, Pusch, Güntürkün, and Stüttgen (2014) also examined NCL activity 
during a categorisation task which required pigeons to identify whether the luminance of 
a grey stimulus was ‘dark’ or ‘bright’. Pigeons were trained with six different shades of 
grey stimuli, with the lighter three belonging to the ‘bright’ category, and the darker three 
belonging to the ‘dark’ category. If a pigeon was presented with a bright grey stimulus, 
they were required to peck the left choice key, and the right choice key if the stimulus 
was dark grey. Lengersdorf et al. (2014) found that NCL neural activity discriminated 
between the bright and dark categories during presentation, but that this distinction 
seemed to be based on the motor response associated with the category, rather than the 
luminance of the stimulus, similar to neurons in Kirsch et al. (2009) during learning. 
Furthermore, some NCL neurons displayed differential firing to expected rewards and 
unexpected rewards, which suggests that NCL neurons encodes information about reward 
that extends beyond whether reward simply exists or not. Thus, NCL neurons appear to 
use information about the reward to help guide learning, especially in categorisation tasks. 
  1.2.4. Anatomy and architecture of the entopallium (ENTO) 
The avian visual system is comprised of two main pathways (Figure 1-5). The 
thalamofugal pathway runs from the retina through the nucleus geniculatus pars dorsalis 
(GLd) and ends in the telencephalon in an area known as the Wulst, and is thought to be 
analogous to the mammalian geniculostriate pathway (Shimizu & Karten, 1993). The 
second and main pathway is the tectofugal pathway, which runs from the retina to the 
optic tectum, then the nucleus rotundus, and ends in the telencephalon in the area known 
as the entopallium (ENTO), which is considered to be analogous to the mammalian 
colliculothalamocortical pathway (Shimizu & Karten, 1993). ENTO has been compared 
to some portion of primate extrastriate cortex (Johnston & Colombo, 2017), as both 
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ENTO and inferior temporal (IT) cortex in primates have little to retinotopic mapping, 
and have neurons with large receptive fields (Gross, Rocha-Miranda, & Bender, 1972; 
Gross, Rodman, Gochin, & Colombo, 1993; Gu, Wamg, Zhang, & Wang, 2002). 
However, projections between the nucleus rotundus and entopallium are topographically 
organised along the anterior-posterior axis, as well as projections from the entopallium to 
other pallial areas (Johnston & Colombo, 2017), including minor projections to NCL 
(Krützfeldt & Wild, 2005). 
 
 
Figure 1-5: The two pathways of the avian visual system. 
The tectofugal pathway (solid arrows) runs from the retina to the optic tectum and the 
nucleus rotundus, terminating at the entopallium. The thalamofugal pathway (dashed 
arrows) runs from the retina to the nucleus geniculatus pars dorsalis, terminating in 




  1.2.5. The function of the ENTO 
While ENTO and primate extrastriate cortex are comparatively similar in anatomy, 
they are also similar in function. Several lesion studies have shown that ablations to 
ENTO and the tectofugal pathway cause severe deficits in perception, particularly in the 
ability to discriminate luminance and patterns (Bessette & Hodos, 1989; Hodos & Karten, 
1970; Hodos, Weiss, & Bessette, 1988;), and motion (Nguyen, Spetch, Crowder, 
Winship, Hurd, & Wylie, 2004). Similar deficits occur in extrastriate cortex association 
areas. Damage to area MT in primates causes deficits in motion processing (Pasternak & 
Merigan, 1994; Rudolph & Pasternak, 1999), damage to area V4 causes deficits in 
luminance discrimination (Heywood & Cowey, 1987; Walsh, Carden, Butler, & 
Kulikowski, 1993) while damage to IT cortex causes deficits in pattern processing (Butter 
& Gekoski, 1966; Cowey & Weiskrantz, 1967). 
It is clear that ENTO represents some intermediary visual area in the avian brain and 
is responsible for many visuo-perceptual functions. However, there is also evidence that 
ENTO has involvement in visual memory. ENTO neurons display sustained firing during 
the delay period of matching-to-sample tasks, indicating that these neurons are holding 
visual information to guide later behaviour (Colombo, Frost, & Steedman, 2001; Johnston 
et al., 2017a). Interestingly, under differential outcomes, the visual information held by 
ENTO neurons over a delay period is modulated to some extent by reward information 
(Johnston et al., 2017a).  
  1.2.6. The role of extrastriate cortex and ENTO in categorisation 
In primates, parts of extrastriate cortex (in particular, the IT cortex) have also been 
implicated in categorical processing. In the same study described in section 1.2.3. by 
Freedman et al. (2003), IT cortex neurons were also recorded from during the cat/dog 
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morph categorisation task. Unlike PFC activity, IT cortex activity appeared to be more 
reactive to specific stimulus features, rather than category membership or behavioural 
outcomes. Sigala and Logothetis (2002) also found that IT cortex neurons focus on 
specific stimulus features, particularly those that are indicative of category membership 
(i.e., features that are unique to a category).  
A number of studies have examined the effects of ENTO lesions on the categorisation 
ability of pigeons. Watanabe (1991) trained pigeons on various visual discrimination 
tasks, including food versus non-food objects, and a pseudo-discrimination version where 
food and non-food items were arbitrarily assigned to one of two categories. Watanabe 
(1991) found that bilateral ENTO lesions specifically caused deficits on the pseudo-
discrimination task, but not on the natural concept of food versus non-food. In a later 
study, Watanabe (1993) found the same impairment on food versus non-food 
discrimination when ENTO was lesioned. However, when trained on other natural 
concept tasks that required pigeons to discriminate between individual pigeons and 
pigeons versus other birds, Watanabe (1992) found that ENTO lesions only caused 
specific deficits in the ability to discriminate between individual pigeons, but not in the 
ability to discriminate between pigeons and other bird species. Watanabe (1992; 1996) 
argues that ENTO lesions cause a “category-specific agnosia”, particularly to categories 
that are not ecologically important to pigeons or are new (unlearned) categories. On the 
other hand, categories that are important for survival such as food items are not affected 
by ENTO lesions. Thus, ENTO’s involvement in categorisation appears to be stronger 




To our knowledge, only two studies have examined single-unit activity in ENTO 
during a categorisation task. Scarf, Stuart, Johnston, and Colombo (2016) examined 
ENTO neural activity while passively viewing different stimuli which included three 
images of pigeons. Although there was no behavioural requirement to categorise the 
stimuli, other studies have shown that neurons still naturally categorise stimuli to some 
degree while passively viewing (in humans and non-human primates, see Kriegeskorte, 
Mur, Ruff, Kiani, Bodurka, Esteky, Tanaka & Bandettini, 2008; in pigeons see Koenen, 
Pusch, Bröker, Thiele, & Güntürkün, 2016). However, Scarf et al. (2016) failed to find 
any ENTO neurons that fired preferentially for the pigeon stimuli, that is, no ENTO 
neurons seemed to categorise pigeon stimuli as any different to shapes, colours, or even 
a picture of Paddington Bear. Another study by Clark, Porter, and Colombo (2019) also 
failed to find evidence for pigeon face cells being represented in ENTO. However, in both 
Scarf et al. (2016) and Clark et al. (2019), it is possible that a lack of category 
representation in ENTO is due to the fact that pigeons are predisposed to focusing on 
local features over global features. Thus, ENTO is likely still involved in other 
categorisation tasks which allow pigeons to use local features to discriminate categories, 
and any involvement in categorisation should not be discounted as indicated by the 
aforementioned lesion studies. 
 
1.3. Aims and Objectives of the Thesis 
The objective of this thesis is to examine neural activity in the pigeon brain during a 
wide range of categorisation tasks that are based on previous behavioural studies 
(Chapters 3-6). Single-unit electrophysiology will be used to record from neurons in a 
prefrontal area (NCL) and an intermediary visual area (ENTO), in an attempt to 
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understand how neurons in both of these areas are involved in the categorisation process, 
and how neurons from these areas use reward/behaviour-driven information and visual 
information about a category during discrimination. 
This thesis will start first with an overview of the general methods and analyses used 
across all five studies (Chapter 2). The first study will be an exploration into another 
intermediary visual area and the termination point of the thalamofugal pathway, the visual 
Wulst (Chapter 3). Chapter 3 will use a delayed matching-to-sample (DMS) paradigm 
while recording from the Wulst in order to understand its involvement in working 
memory. Data from the Wulst DMS study will then inform us whether the Wulst will be 
used as an area of interest alongside NCL and ENTO for subsequent categorisation studies 
(Chapters 4-7), the main focus of this thesis. 
The first of the categorisation tasks will be a semi-symbolic categorisation task, in 
which birds have learned to distinguish several English four-letter words from four-letter 
nonwords (Chapter 4). Neural activity will be recorded while the pigeons discriminate 
their “vocabularies” from an extensive pool of nonwords. In the second categorisation 
task, we trained birds to respond to either Monet or Picasso paintings using an S+/S- 
paradigm (Chapter 5). In the Monet/Picasso study, we recorded neural activity from an 
additional area of interest known as the mesopallium ventrolaterale (MVL), a higher-
order visual area upstream from both ENTO and the Wulst. The third categorisation task 
involves more complex stimuli, in which category exemplars are comprised of four 
smaller stimuli. Exemplars from both categories share some features, while other features 
are unique to each category (Chapter 6). The final categorisation task will involve the 
same stimuli as the Monet/Picasso study in Chapter 5, but in a delayed matching-to-
category (DMC) paradigm instead of the original S+/S- paradigm (Chapter 7). 
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CHAPTER 2 | 
GENERAL METHODS 
 
In this Chapter, an overview of the methods and analyses common to all of the studies 
within this thesis is given. Any variations to the common methods and analyses are 
outlined within individual Chapters. 
   
2.1. Subjects 
Pigeons were housed individually in a colony room in cages made of thick wire mesh 
(50 mm long and 30 mm wide holes) measuring approximately 50 cm2 each for the four 
sides, with a solid ceiling and floor made of sheet metal. The front-facing side of each 
cage had a hinged door. All cages were padded with newspaper on the bottom and were 
provided with a wooden perch suspended above the floor, which locked into place 
through the holes of the mesh. The colony room was maintained at 20 °C and with a 
light/dark cycle of 12 hours (7am–7pm). Water and grit were always available. The birds 
were fed a mixture of peas, corn, wheat, and sunflower seeds, and kept within 80–85% of 
their free-feeding weight during training and testing. The animals were handled and cared 
for in accordance with the University of Otago Code of Ethical Conduct for the 
Manipulation of Animals. The ARRIVE guidelines (Kilkenny, Browne, Cuthill, 





2.2. Apparatus and Stimuli 
Two operant chambers measuring 350 (l) x 430 (w) x 390 (h) mm internally was used 
for training and electrophysiological testing. At the front of each chamber was a 17-inch 
monitor that was used to display the stimuli. Perspex panels were positioned in front of 
the monitors (see each Chapter for specifications on the Perspex panels for each study). 
Carroll Touch infrared touch frames (EloTouch) were positioned between the monitors 
and the Perspex panels. The touch frames recorded the XY coordinates of all pecks made 
by the birds. Food hoppers with grain were located 110 mm below the lower middle 
square and rose to floor level to reward the birds. A light located by the hoppers was 
illuminated while reward was being delivered. 
 
2.3. Microdrive Surgery 
For surgery, the birds were injected with a mixture of Ketamine (30 mg/kg) and 
Xylazine (6 mg/kg). The feathers on the head were removed and the pigeons were placed 
in a Revzin stereotaxic adapter (Karten & Hodos, 1967) to immobilise the head. A topical 
anaesthetic (10% Xylocaine) was applied to the scalp before the skin over the scalp was 
retracted to expose the skull. Seven stainless steel screws were inserted into the skull, 
with one serving as the ground screw. A hole was drilled into the skull above the area of 
interest, and the dura was removed. A lightweight microdrive (Bilkey, Russell, & 
Colombo, 2003) housing the electrodes was lowered into the hole until the tips of the 
electrodes were positioned directly above the area of interest. The microdrive was secured 
to the skull using dental acrylic, and the wound was sutured. Xylocaine was reapplied to 
the wound margin and the pigeons were placed in a heated recovery cage. The pigeons 
remained in the recovery cage until they returned to an active state, at which point they 
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were administered an analgesic (Carprieve, 5 mg/kg), and returned to their home cages. 
The birds were given another seven days to recover before testing began.  
     For NCL birds, the electrodes were positioned at AP +5.5, ML ±7.5, DV = 1.0. For 
ENTO birds, the electrodes were positioned at AP +9.5, ML ±6.0, DV = 3.0 (see each 
Chapter for specific co-ordinates and placements of the microdrives). 
 
2.4. Neuronal Recording 
Each microdrive contained eight 25 µm Formvar-coated nichrome wires (California 
Fine Wire, Grover Beach, CA, USA) which were used to measure single-unit activity. 
Before each testing session, we searched for activity on any one of the eight wires, using 
a second wire as the indifferent. The activity was amplified using a Grass P511K (Grass 
Instruments, Quincy, MA, USA) and filtered to remove 50 Hz noise. The data was stored 
and analysed by a CED (Cambridge Electronic Design, Cambridge, UK) 
electrophysiology system with Spike2 software. A separate computer controlled the 
behavioural task and sent codes to the CED system to align key task events. 
After each session, if we recorded single-unit activity, the electrodes were advanced 
approximately 40 µm and the pigeons were returned to their home cages. If we did not 
record single-unit activity during a session, then the electrodes were advanced 
approximately 20 µm and the pigeons were returned to their home cages. Recording 
sessions took approximately one hour to complete, and the pigeons completed one session 




2.5. Neural Analysis 
As with our previous studies (Johnston et al., 2017a; 2017b), we took baseline activity 
as the middle 5 s of the 10 s intertrial interval (ITI). To measure whether a neuron fired 
to the sample stimulus, we could use either of two time points: the ‘stimulus first’ period, 
i.e., a period of time immediately after the sample stimulus was presented; or the ‘stimulus 
last’ period, i.e. a period of time immediately before the first peck to a sample stimulus. 
For the ‘stimulus first’ period, the 300 ms stimulus period was taken from +100 ms after 
stimulus onset until +400 ms. We start the ‘stimulus first’ period at +100ms to avoid the 
possibility that stimulus information had not yet been processed. For the ‘stimulus last’ 
period, the 300 ms period is taken from –400 ms to –100 ms prior to the first of the 
required pecks to the sample stimulus. We omit the last 100 ms prior to the peck because 
pigeons are known to close their eyes up to 100 ms prior to making contact with an object 
(Goodale, 1983). While most of our studies use the ‘stimulus last’ period, we had to use 
the ‘stimulus first’ period in our S+/S- discrimination (see Chapter 5). 
 
2.6. Histology and Electrode Track Reconstruction 
When the electrodes reached the end of the area of interest, a 9 V current was sent 
through each electrode for 10 s to create an electrolytic lesion, marking the final recording 
position. The pigeons were euthanised via carbon dioxide gas, and then perfused with 
physiological saline and 10% formalin. The brains were removed from the skull and kept 
in 10% formalin for at least 5 days, followed by sucrose formalin (10% formalin, 30% 
sucrose). The brains were frozen and sliced into 40 µm sections, which were then stained 
with thionin. Track reconstructions were made using the position of the electrolytic lesion 




2.7. Data Analysis and Filtering for Visually Responsive Cells 
There are two ways in which neural activity can be compared. One method is to 
statistically compare the neural activity during one set of trials to the neural activity 
during another set of trials. The limitation of such an analysis is that it is possible that one 
may differ from the other, yet neither would actually differ from baseline levels of 
activity. Rather, and because of the aforementioned limitation, neurons were categorised 
as visually responsive if they displayed activity during the sample period that was 
significantly different from baseline ITI activity, for trials containing one set of stimuli, 
or both sets. Such a method ensures that any differences in activity between trial types 
are not due to chance. 
Neurons with a firing rate of less than 0.2 Hz during the ITI period were removed from 
the analysis, as well as neurons from incomplete sessions. Neurons were then further 
filtered based on whether they were visually responsive or not. For our delay study 
(Chapter 3), we conducted paired t-tests with Keppel’s (1982) modified Bonferroni 
correction (p < 0.033) between the average activity in the middle 5 s of the ITI of each 
trial type and the average activity from the 300 ms sample period, separately for both 
stimuli. For our categorisation studies (Chapters 4-7) a neuron was determined to be 
visually responsive by using a two-way repeated-measures ANOVA with period (the 
middle 5 s of the ITI and a 300 ms stimulus period) and stimuli (Category 1 vs Category 
2) as factors, with repeated measures over stimuli (Greenhouse-Geisser corrected, and 
Keppel’s modified Bonferroni correction, p < 0.05; slight exceptions to this method are 
outlined in Chapters 5 and 6). If a neuron showed a significant difference in firing rate 
between the ITI and stimulus period for at least one of the stimuli (i.e. a main effect of 
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period), then the neuron was labelled as being visually responsive. In both cases, the 
modified Bonferroni correction was calculated on the basis of the number of comparisons 
used during the visual responsiveness analysis (Keppel, 1982). 
Neurons were further classified as being either “excitatory” if activity during the 
sample period increased significantly from baseline ITI activity, or “inhibitory” if sample 
activity decreased significantly from baseline ITI activity. Note that in this case, the terms 
“excitatory” and “inhibitory” do not refer to classic histological meanings, but rather 
reflect whether the change in activity is greater (excitatory) or less (inhibitory) than 
baseline activity, a convention we have followed in all our previous papers (Johnston, 
Anderson, & Colombo, 2017a; 2017b). 
Each trial within a session was divided into 50 ms bins. Data was then normalised by 
the maximum value in the 5 s ITI for each neuron. Because there is no visual stimulation 
nor any behavioural requirements during the ITI period, we consider ITI activity to 
represent baseline activity and thus normalised all neural data by the maximum value 
from this period. For each neuron, we then split the sessions’ data into either the two 
different categories (Chapters 4, 6 and 7) or the number of different stimuli (Chapters 3, 
5, and 6) and averaged the neural activity within each of these trial types. Thus, average 
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activity in the Wulst of pigeons (Columba livia) represents correlates of both sample and 
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In this first study, we wanted to investigate the Wulst, the second intermediary visual area 
in pigeons, as a potential area of interest (in addition to NCL and ENTO) for subsequent 
categorisation studies. As there have been no single-unit electrophysiological studies 
examining delay activity in the Wulst prior to this experiment, we decided to examine the 
Wulst using single-unit electrophysiology while birds performed a simple delayed 
matching-to-sample (DMS) task, so that neural data from the Wulst could be compared 
to similar neural data from NCL and ENTO. The majority of this Chapter is taken directly 
from the publication above, particularly the Methods and Results sections. The 
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Introduction and Discussion have been amended in order to better integrate the 
publication into the thesis. 
3.1. Introduction 
 3.1.1 Anatomy and architecture of the Wulst 
The second main visual pathway in birds is the thalamofugal pathway, which runs 
from the retina through the nucleus geniculatus pars dorsalis (GLd) and ends in the 
telencephalon in an area known as the Wulst and is considered to be analogous to the 
mammalian geniculostriate pathway (Shimizu & Karten, 1993). In birds, the Wulst can 
be divided into four subdivisions: the hyperpallium apicale (HA), the hyperpallium 
intercalatum (HI), the hyperpallium densocellulare (HD), and the nucleus interstitialis 
hyperpalli apicalis (IHA; Reiner et al., 2004; see Figure 3-1 for an illustration). The Wulst 
is considered to be analogous to the primate striate cortex (Karten, Hodos, Nauta, & 
Revzin, 1973; Pettigrew, 1979), as neurons in both striate cortex and the Wulst have small 
receptive fields with considerable retinotopic mapping (Allman & Kaas, 1971; Cowey, 
1964; Gattass, Gross, & Sandell, 1981; Miceli, Gioanni, Reperant, & Peyrichoux, 1979; 
Revzin, 1969; Talbot & Marshall, 1941), although neurons in HD have larger receptive 
fields than the other subdivisions (Gusel’nikov, Morenkov, & Hunh, 1977; for a review, 
see Clark & Colombo, 2020). Projections from the GLd mainly terminate in the IHA 
(Karten et al., 1973), which then projects to the other three subdivisions (Atoji, Sarkar, & 
Wild, 2018; Kröner & Güntürkün, 1999; Shimizu, Cox, & Karten, 1995), as well as to 
the NCL (Leutgeb, Husband, Riters, Shimizu, & Bingman, 1996). HI and HD project to 
HA (Shimizu et al., 1995), and all three have minor projections to NCL (Atoji et al., 
2018). HA also has topographical projections to the optic tectum, which is part of the 





Figure 3-1: Illustration of the Wulst and the surrounding areas. 
Brain regions as defined by Reiner et al. (2004): Bas, nucleus basorostralis pallii; HA, 
hyperpallium apicale; HD, hyperpallium densocellulare; HI, hyperallium 
intercalatum; IHA, nucleus interstitialis hyperpallii apicalis; MD, mesopallium 





 3.1.2. The function of the Wulst 
Paralleling the distinction between striate cortex and IT cortex, where the former 
causes fewer impairments in pattern discrimination than the latter (Cowey & Weiskrantz, 
1967; Gross, 1973), lesions to the Wulst also cause far fewer impairments in pattern 
discrimination compared to lesions of ENTO (Bessette & Hodos, 1989; Pasternak & 
Hodos, 1977; Watanabe, 1992). Instead, rather than being mainly involved in pattern and 
motion processing (the “what” of a stimulus), Watanabe and colleagues (2003; Watanabe, 
Mayer, & Bischof, 2011) have argued that the Wulst is involved in visuo-spatial learning 
(the “where” of a stimulus). Similarly, striate cortex in primates also seems to store and 
encode visuo-spatial information during a delayed-response (DR) task and is thought to 
be a link between sensory and working memory (Supèr, Spekreijse, & Lamme, 2001).  
There is some evidence that the Wulst, like ENTO, may be important for visual 
memory. Pasternak (1977) lesioned either the Wulst or the surrounding area after pigeons 
had been trained on a DMS task with varying delays (from 0 s to 8 s) and found that 
following surgery, the performance of all birds fell to chance levels. Birds with 
surrounding area damage were able to relearn the task to preoperative levels at all delays. 
In contrast, birds with Wulst lesions could, with extensive training, relearn the DMS task 
with a 0 s delay, but were generally unable to relearn the task with delays longer than 0 
s. Given the Wulst’s potential role in visual working memory, the first goal of the current 
study was to examine whether neurons in the Wulst display delay activity, that is, activity 
indicative of a neural correlate of the animal remembering the sample stimulus. 
Interestingly, Pasternak (1977) noted that Wulst lesions also appeared to cause 
perseverative biases, in that the birds did not adapt their behaviour as a function of an 
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incorrect response. Pasternak (1977) therefore argued that Wulst lesions may also cause 
impairments in integrating reward information to control behaviour.  
 3.1.3. The delayed matching-to-sample (DMS) task 
We have recently explored the influence of reward information on delay activity in a 
number of pallial areas such as ENTO, as well as the NCL (Johnston et al., 2017a; 2017b). 
The task that we have used to explore the influence of reward is a modified version of the 
DMS task. In the standard DMS task, also known as a common-outcomes (CO) DMS 
task, the animal is rewarded after every correct response, irrespective of which stimulus 
served as the sample. A slightly modified version of the DMS task is the differential 
outcomes (DO) DMS task, which follows the same procedure as the CO DMS task, but 
instead of rewarding subjects after a correct response following either sample stimuli, in 
the DO task reward is delivered only after correct responses following one of the sample 
stimuli, and not the other. Across both CO and DO tasks, animals are required to respond 
to the correct comparison following either sample stimulus, otherwise a time-out 
punishment is delivered (in the current study’s case, signalled by a 500 Hz tone), and the 
animals are forced to repeat the trial until they respond correctly (correction routine; for 
a more comprehensive illustration, refer to Figure 3-2). While the two tasks require the 
same behavioural response from the birds, we believe that encoding may differ between 
the two tasks on a neuronal level, as one task has differential reward outcomes tied to the 
stimuli (DO), but the other task does not (CO; for a comprehensive review of the DMS 
task, see Anderson & Colombo, 2019). 
From the neural activity observed during a DO DMS task, it becomes clear that delay 
activity in NCL is more likely to be related to anticipation of reward, rather than retention 
of visual information (Johnston et al., 2017a). The reason is that NCL delay activity 
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occurs mostly after the sample stimulus associated with reward, and not after the sample 
stimulus not associated with reward, despite the fact that to successfully solve the task 
the animal must engage working memory following both sample stimuli. In contrast, in 
ENTO, although the delay activity is modulated by reward in that it is less prominent after 
the sample that is not associated with reward compared to the sample stimulus that is 
associated with reward, the key difference to NCL is that delay activity does occur 
following both sample stimuli. The overall conclusion is that NCL delay activity is more 
likely a neural correlate of reward anticipation, whereas ENTO delay activity is more 
likely a neural correlate of working memory for the sample stimulus. In both NCL and 
ENTO, however, it is likely that both reward and sample information are being coded, 
but that one type is more dominant than the other. 
 3.1.4. Aims and objectives of the study 
As stated in section 3.1.2., the first goal of the current study was to examine whether 
neurons in the Wulst display delay activity like we have previously seen in NCL and 
ENTO; that is, whether Wulst neurons display activity indicative of a neural correlate of 
the pigeon remembering the sample stimulus. Given the possibility that the Wulst may 
support some reward processing (Pasternak, 1977), the second goal of the current 
experiment was to explore Wulst delay activity under both CO and DO conditions. If the 
Wulst is a structure that predominantly supports visual working memory we would expect 
to see, like in ENTO, delay activity following both sample stimuli on both the CO and 
DO DMS tasks. In contrast, if the Wulst is a structure that predominantly supports 
processing information about the reward, then we would expect delay activity following 
both sample stimuli during the CO DMS task (as both sample stimuli predict the 
possibility to obtain a reward), but during the DO DMS task we would expect to see delay 
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activity restricted to the sample stimulus associated with reward, but not to the sample 
stimulus not associated with reward. 
 
3.2. Materials and Methods 
 3.2.1. Subjects 
Four experimentally sophisticated pigeons (Columba livia) were used as the subjects 
for the current experiment. All four birds had previously served in a study using a DMS 
task (Kouwenhoven & Colombo, 2016).  
 3.2.2. Apparatus and stimuli 
For the current study, the Perspex panels that were positioned in front of the monitors 
had six square holes arranged in a two (rows) x three (columns) grid. Each of the square 
holes measured 60 x 60 mm and were spaced 65 mm apart from centre to centre. The 
sample stimuli were displayed in the middle square of the top row, and comparison stimuli 
were displayed in the two outer squares of the top row. Black-and-white photographs of 
a skateboarder and a flower served as the two stimuli.  
 3.2.3. Behavioural task 
Each trial began with a 10 s intertrial interval (ITI). Following the ITI, one of the 
sample stimuli (skateboarder or flower) was presented in the middle square. Birds were 
required to peck the sample stimulus three times in order to turn off the stimulus and 
initiate the delay period. After the 3 s delay period, the two comparison stimuli 
(skateboarder and flower) were presented in the outer two squares. Pigeons were required 
to peck the comparison stimulus that matched the sample stimulus they had seen before 
the delay. Two of the birds (M6 and M11) were trained on the CO DMS task, in which a 
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correct response to either the skateboarder or flower comparison stimulus trials resulted 
in 2.5 s access to reward (see Figure 3-2a–c). The other two birds (M8 and M10) were 
trained on the DO DMS task, in which only correct responses to the skateboarder 
comparison stimulus resulted in reward, while correct responses to the flower comparison 
stimulus were not rewarded (see Figure 3-2d–f). During correct flower trials the hopper 
light still illuminated. Incorrect responses to skateboarder and flower trials for both sets 
of birds were punished with a time-out signalled by a 500 Hz tone (65 dB) for 1 s.  
A correction routine was in place for both training and testing, such that all incorrect 
trials were repeated until the correct response was made. Only the first attempt at each 
trial was calculated for behavioural performance. Each session consisted of completing 
64 correct trials. On average, across these 64 trials, M6 did 8 repeat trials, M11 did 10 
repeat trials, M10 did 6 repeat trials, and M8 did 10 repeat trials. For each session, the 
skateboarder stimulus served as the sample on half of the trials, and the flower stimulus 
served as the sample on the other half, randomly intermixed. The left-right positions of 
the comparison stimuli were balanced across the trials, with the skateboarder on the left 










Figure 3-2: Behavioural task. 
The sequence of events on the behavioural task for the common outcomes (CO) procedure (a–c) and the differential outcomes (DO) procedure (d–
f). For the CO procedure, when the skateboard (a) or the flower (b) served as the sample stimulus, a correct response during the comparison period 
resulted in a wheat reward. If the wrong comparison stimulus was chosen (c), the birds were not rewarded, and a time-out punishment period ensued. 
For the DO procedure, when the skateboard served as the sample stimulus (d), a correct response in the comparison period resulted in wheat reward, 
but if the flower was the sample stimulus (e), a correct response during the comparison period did not yield a reward but did result in the hopper 




 3.2.4. Training protocol 
In a previous study, the pigeons were magazine trained to eat from the hopper, and 
then autoshaped to peck a white dot stimulus. Once pigeons were reliably pecking the 
dot, they were trained to peck the skateboarder and flower stimuli used in the current 
experiment. Following reliable pecking to these two stimuli, the birds were trained on the 
DMS task, starting with no delay. An 80% accuracy criterion was used to advance birds 
through delay periods of 0 s (no delay), 0.5 s, 1 s, and finally 3 s. The birds underwent 
surgery once they were performing at 80% correct for both skateboarder and flower trials 
with a 3 s delay. 
 3.2.5. Surgery 
 All four birds had microdrives installed in the Wulst region at AP +11.0 and ML ±3.0 
(Karten & Hodos, 1967). For the two birds trained on the CO procedure, one had a 
microdrive inserted in the left hemisphere (M6), and the other in the right hemisphere 
(M11). For the two birds trained on the DO procedure, one had a microdrive inserted in 
the left hemisphere (M8), and the other in the right hemisphere (M10). 
 3.2.6. Neural analysis 
To measure whether a neuron fired to the sample stimulus, we analysed the activity 
during a 300 ms period between –400 ms to –100 ms prior to the first of the three required 
pecks to the sample stimulus (‘stimulus last’ period). For the comparison period, we 
measured the same 300 ms period before the only peck required. For the delay period, we 
measured the activity across the entire 3 s delay separately for skateboarder and flower 





 3.3.1. Histology 
All electrode tracks were within the targeted Wulst region as defined by Karten and 
Hodos (1967). Figure 3-3 shows the reconstructed tracks for three of the four birds. The 
intended track positions were AP +11.0 and ML ±3.0. The track position for the left 
hemisphere CO bird (M6; solid red line) was AP +11.5 and ML +3.5, differing from both 
the intended AP and ML positions by 0.5 mm. The track position for the right hemisphere 
CO bird (M11; solid blue line) was AP +11.0 and ML –3.2, differing only from the 
intended ML position by 0.2 mm. The track position for the left hemisphere DO bird (M8; 
red star) could not be recovered, although the termination point was recovered at AP 
+10.5 and ML +3.0, differing only from the intended AP position by 0.5 mm. The track 
position for the right hemisphere DO bird (M10; dashed blue line) was AP +11.5 and ML 
–4.2, differing from the intended AP position by 0.5 mm and the intended ML position 





Figure 3-2: Electrode track reconstruction. 
The solid blue line is the right hemisphere CO bird (M11) and the solid red line is the 
left hemisphere CO bird (M6). The dashed blue line is the right hemisphere DO bird 
(M10). Unfortunately, the track could not be recovered for the left hemisphere DO 
bird (M8), although the termination point was recovered, and is indicated by the red 
star. Brain regions (as defined by Reiner et al., 2004): E, entopallium; HA, 
hyperpallium apicale; HD, hyperpallium densocellulare; HI, hyperpallium 
intercalatum; MD, mesopallium dorsale; MV, mesopallium ventrale; N, nidopallium; 
StM, striatum mediale. 
 
 
 3.3.2. Behavioural performance 
The behavioural performance of both the CO and DO birds on skateboarder and flower 
trials is shown in Figure 3-4. The average performance of all birds was analysed using a 
two-way repeated-measures analysis of variance (ANOVA) with Task Type (2: CO vs. 
DO) and Stimulus (2: skateboarder vs. flower) as factors, with repeated-measures over 
Stimulus (Greenhouse-Geisser corrected). There was a significant main effect of 
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Stimulus, F(1, 58) = 69.18, p < 0.001, and Task Type, F(1, 58) = 15.23, p < 0.001, and a 
significant interaction effect between Task Type and Stimulus, F(1, 58) = 64.83, p < 
0.001. Paired t-tests showed that the main effect of Stimulus was only significant for DO 
birds, t(58) = 10.11, p < 0.001, and not significant for CO birds, t(58) = 0.42, p = 0.67. 
The fact that birds trained on the DO DMS task perform more accurately during rewarded 
trials than unrewarded trials, but that this difference in performance is not seen on the CO 
DMS task, is in line with previous findings (Johnston et al., 2017a; 2017b). Overall, birds 
in the DO condition performed more accurately than birds in the CO condition, which is 
also in line with Johnston et al. (2017a; 2017b). Regardless of the differences in 
performance between DO and CO trained birds, all four birds performed significantly 
above chance during both skateboarder, t(3) = 26.43, p < 0.001 and flower trials, t(3) = 





Figure 3-3: Overall behavioural performance on the CO DMS and DO DMS 
tasks. 
The percent correct on skateboarder and flower trials is averaged across all sessions 
of the two DO birds (M8 and M10), and the two CO birds (M6 and M11). The 
dashed line denotes chance performance (50%), and error bars are ±1 SEM. DO, 
differential outcomes; CO, common outcomes. 
 
   
 3.3.3. Visually responsive neurons 
Overall, we recorded activity from 50 neurons from the Wulst of the two CO birds, 
and 59 neurons from the Wulst of the two DO birds. A full breakdown of the visually 
responsive neurons found in CO and DO birds is shown in Table 3-1. Neurons were then 
further classed as being selective or non-selective. Selective visual neurons were neurons 
that either fired to one stimulus only (en/ne/in/ni), or fired to both stimuli but in different 
manners, i.e. excitatory to one stimulus and inhibitory to the other (ie/ei), or 
excitatory/inhibitory to both but to different extents (e>e/e<e,i>i,i<i). Non-selective 










Breakdown of Visually Non-Selective and Selective Neurons Across Both CO and DO Tasks 
 Non-Selective Neurons  Selective Neurons 























































Note: e = excitatory; i = inhibitory; n = not significant from baseline. The first letter in each pair refers to the type of activity on skateboarder trials, and the second letter 






Of the 50 neurons recorded from CO birds, 26 (52.0%) were found to be visually 
responsive. Of these 26 visually responsive neurons, 9 (34.6%) were non-selective while 
the remaining 17 (65.4%) were stimulus selective. Of the 59 neurons recorded from the 
DO birds, 38 (64.4%) were visually responsive. Of these 38 visually responsive neurons, 
5 (13.2%) were non-selective while the remaining 33 visually responsive neurons 
(86.8%) were stimulus selective.  The vast majority of the selective neurons collected 
during the CO and DO tasks were of the en, ne, in, and ni variety. 
As the Wulst is comprised of four subdivisions (HA, IHA, HI, and HD), we divided 
the neurons recorded from each bird into those within the two subdivisions that were 
within our electrode tracks (HI and HD) to see if there was any difference in the visual 
coding properties between subdivisions. Across all four birds, the number of visually 
responsive cells was exactly the same between the two subdivisions (32 neurons in HI 
and 32 in HD), as well as the numbers of selective and non-selective neurons in these 
subdivisions (7 non-selective and 25 selective in HI; 7 non-selective and 25 selective in 
HI). The only pattern of difference that we could find between the two subdivisions was 
that in HI, more neurons tended to be inhibitory, while more neurons tended to be 
excitatory in HD (although both types were present in both areas). Overall, there seems 
to be no difference between these subdivisions and their visual coding properties. 
 3.3.4. Delay neurons 
A full breakdown of the different types of delay neurons found in CO and DO birds is 
shown in Table 3-2. As with visually responsive neurons, we labelled neurons as delay 
neurons if activity during the delay period was significantly different from baseline ITI 
activity. To determine whether neurons were delay neurons, we used paired t-tests with 
Keppel’s (1982) modified Bonferroni correction (p < 0.033) between the average activity 
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of the 3 s delay period and the average activity of the middle 5 s of the ITI, for both 
skateboarder and flower trials separately. Neurons were then further classified as being 
either excitatory or inhibitory. Again, as with visually responsive neurons, delay neurons 
were then further classed as being selective or non-selective. Selective delay neurons were 
neurons that either fired to one stimulus only (en/ne/in/ni), or fired to both stimuli but in 
different manners, i.e. excitatory to one stimulus and inhibitory to the other (ie/ei), or 
excitatory/inhibitory to both but to different extents (e>e/e<e,i>i,i<i). Non-selective delay 





























Breakdown of Selective and Non-Selective Delay Neurons Across Both CO and DO Tasks 
 Non-Selective Neurons  Selective Neurons 





















































Note: e = excitatory; i = inhibitory; n = not significant from baseline. The first letter in each pair refers to the type of activity on skateboarder trials, and the second letter 






For the 50 neurons recorded from the CO birds, 32 (64.0%) of these neurons were 
found to be delay neurons. Of the 32 CO delay neurons, 13 (40.6%) neurons fired in an 
excitatory manner during the delay period of both skateboarder and flower trials, with the 
majority of those neurons (12/13) being non-selective, and one showing greater excitatory 
activity during skateboarder trials over flower trials. (Table 3-2, ee; see also Figure 3-5a 
for an example). 8 (25.0%) of the neurons fired in an inhibitory manner during the delay 
period of both skateboarder and flower trials, with 6/8 being non-selective, and 2/8 
showing greater inhibitory activity during skateboarder trials over flower trials (Table 3-
2, ii; see also Figure 3-5b for an example).  
For the 59 neurons recorded from DO birds, 38 (64.4%) of these neurons were found 
to be delay neurons. Of the 38 DO delay neurons, 12 (31.6%) were excitatory during 
skateboarder trials exclusively (Table 3-2, en; see also Figure 3-5c for an example). 8 
(21.1%) of the neurons similarly were inhibitory during skateboarder trials exclusively 
(Table 3-2, in; see also Figure 3-5d for an example). Furthermore, 1 (2.6%) neuron 
showed selectivity for skateboarder trials over flower trials despite being excitatory 
during both trial types (e>e), and 2 (5.3%) neurons showed selectivity for skateboarder 





Figure 3-4: Example delay neurons. 
A: Neural activity that was excitatory during the delay period during both 
skateboarder and flower trials in a CO bird. B: Neural activity that was inhibitory 
during the delay period of both skateboarder and flower trials in a CO bird. C: Neural 
activity that was excitatory during the delay period of skateboarder trials but not 
during flower trials in a DO bird. D: Neural activity that was inhibitory during the 
delay period of skateboarder trials but not flower trials in a DO bird. ITI, intertrial 
interval; S, sample period; C, comparison period; D, delay period; sp/s, spikes per 
second. The ITI analysis period was 5000 ms from -7500 to -2500 ms from the onset 
of the sample stimulus, the sample analysis period was 300 ms from -400 to -100 ms 
from the first peck to the sample stimulus, the delay analysis period was the full 3000 
ms delay period from -3000 ms to onset of the comparison period, and the comparison 
period was 300 ms from -400 to -100 ms from the peck to the comparison stimulus. 
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 3.3.5. Responsivity across sample and delay periods  
We also looked at how the responsivity of each neuron changes between the sample 
and delay periods. Eight CO neurons (16%) responded in the same way during both the 
sample and delay – five were excitatory to both stimuli in both periods, two were 
excitatory during skateboarder trials and not responsive during flower trials, and one was 
inhibitory to both stimuli during both periods. A further four CO neurons (8%) changed 
their responding from the sample to the delay period. Of these neurons, three were only 
excitatory to the flower stimulus during the sample period, but during the delay period 
activity on flower trials returned to baseline levels, and activity during skateboarder trials 
became inhibitory. Finally, one neuron was excitatory to both stimuli during the sample 
period but switched to being inhibitory to both stimuli during the delay period.  
Among DO neurons, seven neurons (11.7%) responded in the same way across both 
sample and delay periods – five neurons were only excitatory during skateboarder trials 
during both periods, one neuron was excitatory to both stimuli, and one neuron was only 
inhibitory during flower trials. A further 11 DO neurons (18.6%) changed their 
responding between the sample and delay periods. Of these 11 neurons, two were only 
inhibitory to the flower stimulus during the sample but switched to only being inhibitory 
to the skateboarder stimulus during the delay. Two neurons were only inhibitory to the 
flower stimulus during the sample but became only excitatory to the skateboarder during 
the delay. One neuron was only excitatory to the skateboarder stimulus during the sample 
but became only excitatory on flower trials during the delay. One neuron replicated this 
same pattern, but with inhibitory activity, while another neuron also switched from 
inhibitory activity to the skateboarder during the sample, to excitatory activity during 
flowers trials during the delay. One neuron switched from inhibitory activity to the flower 
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stimulus in the sample period to excitatory activity during the delay of flower trials, while 
another neuron went from being excitatory to the skateboarder and inhibitory to the 
flower, to inhibitory only during the delay of skateboarder trials. Finally, one neuron 
switched from being inhibitory to both stimuli to excitatory only during skateboarder 
trials during the delay, and one neuron followed this pattern inversely, going from 
excitatory only to the skateboarder to inhibitory during the delay of both trial types. 
 3.3.6. Population profiles 
We created four population profiles (CO excitatory, CO inhibitory, DO excitatory, and 
DO inhibitory) to examine how neurons responded during both skateboarder and flower 
trials across the ITI, sample, delay, and comparison periods. Each neuron could contribute 
up to two instances of delay activity (for each sample stimulus), and it could do so in 
either an excitatory or inhibitory manner. For CO neurons, response profiles included 
neurons that were either excitatory to at least one of the two stimuli (ee, ei, en, ie, and ne 
neurons) or inhibitory to at least one of the two stimuli (ii, ie, in, ei, and ni neurons). That 
is, neurons whose activity was excitatory towards the skateboarder stimulus were 
compared against neurons whose activity was excitatory towards the flower stimulus, and 
the same with inhibitory activity. Therefore, for CO neurons, a neuron could contribute 
either only one or two instances of activity. For DO neurons, response profiles were 
created based on whether activity on rewarded skateboarder trials was excitatory or 
inhibitory, regardless of activity on unrewarded flower trials (ee, ei, and en neurons, and 
ii, ie, and in neurons, respectively). That is, if a neuron responded to the skateboarder 
stimulus, the same neuron’s activity towards the flower stimulus was also used in the 
response profile. Therefore, for DO neurons, each neuron contributed two instances of 
activity. Our method of selecting neurons for both CO and DO response profiles are based 
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on previous conventions (see Johnston et al., 2017a; 2017b), and it should be noted that 
this preselection of neurons does not affect the patterns of activity that emerge. Neuronal 
activity from each neuron that contributed to the population profiles was normalised by 
taking the maximum value of the 100 50 ms ITI bins, and then dividing each of the 50 ms 
bins (100 ITI bins, 6 sample period bins, 60 delay period bins, and 6 comparison period 
bins) by that maximum value. We then analysed the population profiles by using four 
separate two-way repeated-measures ANOVAs with Bin (99, 6, 60, and 6 50 ms bins for 
the ITI, sample, delay, and comparison periods, respectively) and Stimulus (2: 
skateboarder vs. flower) as factors, with repeated measures over both Bin and Stimulus 
(Greenhouse-Geisser corrected). 
The CO excitatory profile is shown in Figure 3-6a. Across all analysed periods (ITI, 
sample, delay, and comparison), there was no significant main effect of Bin, all Fs < 1.63, 
all ps > 0.16, or a significant main effect of Stimulus, all Fs < 1.54, all ps > 0.24. 
Furthermore, across all analysed periods, there was no significant interaction between Bin 
and Stimulus, all Fs < 1.78, all ps > 0.16. Despite appearing as if there is a significant 
difference between flower and skateboarder trials during both the sample and comparison 
periods, the results are not significant, likely caused by large variation between each 
contributing neuron.  
The CO inhibitory profile is shown in Figure 3-6b. Across all analysed periods (ITI, 
sample, delay, and comparison) there was no significant main effect of Bin, all Fs < 1.59, 
all ps > 0.23, or a significant main effect of Stimulus, all Fs < 1.06, all ps > 0.33. 
Furthermore, across all analysed periods, there was no significant interaction between 














Figure 3-5: CO population profiles. 
The population profiles of the (a) 19 excitatory CO neurons and (b) 13 inhibitory CO 
neurons during skateboarder and flower trials. Of the 19 excitatory neurons, 13 
responded to both stimuli (12 e=e and 1 e>e), five responded only to the flower 
stimulus (ne), and one responded only to the skateboarder stimulus (en). Of the 13 
inhibitory neurons, 8 responded to both stimuli (6 i=i and 2 i<i), four responded only 
to the skateboarder stimulus (in), and one responded only to the flower stimulus (ni). 
Neuronal data was normalised against the maximum firing rate during the ITI, and bin 
width is 50 ms. Vertical lines separate the different periods of the task. ITI, intertrial 
interval; S, sample period; C, comparison period. For details on the timings of each 
period see Figure 3-5. 
 
 
The DO excitatory profile is shown in Figure 3-7a. Across all analysed periods (ITI, 
sample, delay, and comparison), there was no significant main effect of Bin, all Fs < 0.93, 
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all ps > 0.51. There was also no significant main effect of Stimulus during the ITI, F(1, 
13) = 1.43, p = 0.25. However, there was a significant main effect of Stimulus during the 
sample period, F(1, 13) = 9.74, p = 0.008, the delay period, F(1, 13) = 27.42, p < 0.001, 
and the comparison period, F(1, 13) = 5.43, p = 0.037. As can be seen in Figure 2.6a, 
during these three periods, firing during skateboarder (rewarded) trials was significantly 
more excitatory than firing during flower (unrewarded) trials. There was no significant 
interaction between Stimulus and Bin across all four periods, all Fs < 1.01, all ps > 0.44.  
To see whether delay activity on flower trials remained at baseline ITI levels during 
the delay period, we used a paired t-test to compare the average ITI firing with the average 
delay firing. We found that delay firing during unrewarded flower trials was not 
significantly different from baseline activity, t(13) = 0.49, p = 0.63. Thus, for DO 
excitatory neurons, delay activity only occurred during the delay period of rewarded 
skateboarder trials.  
The DO inhibitory profile is shown in Figure 3-7b. Across all analysed periods (ITI, 
sample, delay, and comparison), there was no significant main effect of Bin, all Fs < 1.53, 
all ps > 0.14. There was also no significant main effect of Stimulus in the ITI, sample, 
and comparison periods, all Fs < 3.02, all ps > 0.10. However, during the delay period, 
there was a significant main effect of Stimulus, F(1, 14) = 7.90, p = 0.014. As seen in 
Figure 2.6b, firing during the delay period was more inhibitory during rewarded 
skateboarder trials compared to the delay period of unrewarded flower trials. There was 
no significant interaction between Stimulus and Bin, across all four periods, all Fs < 1.33, 
all ps > 0.27. 
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To see whether delay activity on flower trials was different to baseline ITI activity, we 
used a paired t-test to compare the average ITI firing with the average delay firing. We 
found that delay activity during flower trials was significantly different from baseline 
activity, t(14) = 3.90, p = 0.002, indicating that for both trial types delay activity deviated 
from baseline activity, but to more of an extent during rewarded skateboarder trials than 



















Figure 3-6: DO population profiles. 
The population profiles of the (a) 14 excitatory DO neurons and (b) 15 inhibitory DO 
neurons during skateboarder and flower trials. Of the 14 excitatory neurons, two 
responded to both stimuli (1 e>e and 1 ei) and 12 responded only to the skateboarder 
stimulus. Of the 15 inhibitory neurons, 7 responded to both stimuli (3 i=i, 1 i>i, 2 i<i, 
and 1 ie) and 8 responded only to the skateboarder stimulus (in). Neuronal data was 
normalised against the maximum firing rate during the ITI, and bin width is 50 ms. 
Vertical lines separate the different periods of the task. ITI, intertrial interval; S, 







  3.4.1. Summary of findings 
Thirty-two of fifty (64.0%) neurons in CO birds were classified as delay neurons, that 
is, activity during the delay period of either skateboarder or flower trials was significantly 
different from baseline ITI activity. These neurons were then further classified as either 
excitatory delay neurons (activity during the delay period of at least one stimulus type 
was excitatory) or inhibitory neurons (activity during the delay period of at least one 
stimulus type was inhibitory). For CO excitatory neurons, activity during the delay period 
was significantly different from baseline ITI activity during both skateboarder and flower 
trials, and there was no significant difference between the level of activity following 
either trial type. Similarly, CO inhibitory delay neurons also showed significant deviation 
from baseline activity during both skateboarder and flower trials, again with no 
significant difference between the trial types. 
Thirty-eight of fifty-nine neurons (64.4%) in DO birds were classified as delay 
neurons, that is, activity during the delay period of skateboarder trials that was 
significantly different from baseline ITI activity. These neurons were then further 
classified as either excitatory delay neurons (activity during the delay period of rewarded 
skateboarder trials was excitatory, regardless of activity on flower trials) or inhibitory 
delay neurons (activity during the delay period of rewarded skateboarder trials was 
inhibitory, regardless of activity on flower trials). For neurons that were excitatory during 
the delay period of skateboarder trials, delay activity on rewarded skateboarder trials was 
significantly different from activity on unrewarded flower trials. For those same neurons, 
delay activity never deviated from baseline activity during unrewarded flower trials. For 
neurons that were inhibitory during the delay period of skateboarder trials, delay activity 
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on rewarded skateboarder trials was significantly different from activity during 
unrewarded flower trials, but delay activity during both skateboarder and flower trials 
was significantly different from baseline activity. 
  3.4.2. CO delay activity – evidence for a sample code? 
For birds who learned the CO DMS task, both excitatory and inhibitory Wulst delay 
neurons displayed activity that was significantly different from baseline ITI activity, 
during both skateboarder and flower trials. Therefore, under CO conditions, Wulst 
neurons appear to be coding for remembering the sample stimulus, and so it is likely that 
the delay activity represents a neural correlate of working memory for the sample stimulus 
(what we refer to as sample coding). However, it is possible that under CO conditions 
Wulst neurons could also be coding reward-based information, as reward contingencies 
are the same for both stimuli, and activity deviates from baseline in a similar way during 
both trial types. For 14/32 (43.8%) delay neurons, we can conclusively say that sample 
coding is being used, as these neurons are selective to one stimulus over the other, even 
though there is no difference in reward contingencies. Being a visual area, we would 
expect that the remaining non-selective Wulst neurons are using sample coding over 
reward coding, but as we will discuss in section 3.4.4., this may not be the case. 
These findings are in line with previous CO DMS studies in a number of other areas 
of the avian brain. Colombo et al. (2001) previously demonstrated that ENTO neurons 
display the same sustained delay activity to both red and green samples during a CO DMS 
task and argue that delay activity to both samples represents sample coding and working 
memory. As stated previously, both ENTO and the Wulst are the termination points of 
their respective visual pathways in the avian brain (Shimizu & Karten, 1993), and thus it 
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is not surprising that we find similar sustained delay activity during both skateboarder 
and flower trials of a CO DMS in both of these areas.  
We have also previously shown that neurons in the nidopallium frontolaterale (NFL) 
display significant delay activity to both red and green sample stimuli during a CO DMS 
task (Johnston et al., 2017b). NFL is higher-order visual area thought to be analogous to 
some portion of extrastriate cortex (Clark et al., 2019) and receives afferent projections 
from both the ENTO and the Wulst (Stacho, Ströckens, Xiao, & Güntürkün, 2016). Even 
non-visual areas such as NCL, which are known to be involved in working memory and 
executive functioning (Güntürkün, 2005a; 2005b), demonstrate sustained delay activity 
to both sample stimuli during a CO DMS task (Johnston et al., 2017b). Therefore, under 
CO conditions, the Wulst appears to be involved in working memory, and delay activity 
represents a neural correlate of working memory for the sample stimulus. 
  3.4.3. DO delay activity – reward or sample code? 
For birds who learned the DO DMS task, delay activity of inhibitory Wulst neurons 
was significantly different from baseline ITI activity during both skateboarder and flower 
trials. Therefore, much like the CO DMS neurons from the Wulst, under DO conditions 
inhibitory Wulst neurons appear to be coding information about the to-be-remembered 
sample stimulus, and so it is likely that delay activity represents a neural correlate of 
working memory for the sample stimulus. We previously found that both excitatory and 
inhibitory ENTO neurons also display significant delay activity to both stimuli during a 
DO DMS task (Johnston et al., 2017a), despite only one of the sample stimuli being 
associated with reward. However, both ENTO neurons in Johnston et al. (2017a) and 
inhibitory Wulst neurons in the current study also appear to be modulated by reward to 
some degree. In the current study, we found that there was a significant effect of stimulus 
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during the delay period for inhibitory Wulst neurons. That is, while delay activity was 
significantly different from baseline activity during both skateboarder and flower trials, 
delay activity during rewarded skateboarder trials was also significantly more inhibitory 
than delay activity during unrewarded flower trials. In fact, in half of neurons which were 
inhibitory to both stimuli during the delay, these neurons also showed significantly 
different inhibitory activity between trial types, suggesting that this sample coding may 
be modulated by reward. We reported a similar finding in ENTO neurons, where 
inhibitory delay neurons were significantly more inhibitory during rewarded skateboarder 
trials than unrewarded flower trials, and excitatory ENTO neurons were excitatory during 
rewarded skateboarder trials and inhibitory during unrewarded flower trials. Therefore, 
under DO conditions, inhibitory Wulst neurons appear to follow the same patterns as 
ENTO neurons in that they are primarily coding remembering sample information, but 
that this information is also modulated by reward information. 
On the other hand, the delay activity of excitatory Wulst neurons was significantly 
different from baseline ITI activity only during the trials in which the rewarded 
skateboarder stimulus served as the sample. When the sample was the unrewarded flower 
stimulus, activity during the delay period did not deviate from baseline. Delay activity 
during the rewarded skateboarder trials but not unrewarded flower trials of the DO DMS 
task is consistent with patterns of activity seen in NCL. Previously, we found that NCL 
neurons displayed sustained delay activity during rewarded trials but not unrewarded 
trials (Johnston et al., 2017a), a finding which has been consistently seen in other DO 
studies that has recorded from the NCL (Browning et al., 2011; Rose & Colombo, 2005). 
As the NCL is considered functionally equivalent to the mammalian PFC, it has, like the 
PFC, been implicated in reward processing (Koenen, Millar, & Colombo, 2013). The fact 
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that during a DO DMS task, delay activity occurs following the sample associated with 
reward, and not at all following the sample that is not associated with reward, is in line 
with the fact that delay activity in the Wulst (definitely in excitatory neurons, and likely 
in inhibitory neurons) represents a neural correlate of reward.  
  3.4.4. Reward-related processing in a visual area? 
Our findings indicate that the Wulst, under DO conditions, is either strongly implicated 
in reward (in the case of excitatory neurons) or is modulated by reward to some extent (in 
the case of inhibitory neurons). While we have previously shown ENTO neurons to be 
modulated by reward under DO conditions, ENTO neurons appear to primarily code 
sample information. However, reward-related processing in visual areas is not 
unprecedented. Stănişor, van der Togt, Pennartz, and Roelfsema (2013) found that 
activity in V1 neurons in monkeys was strongly influenced by the relative value of 
stimuli. In Stănişor et al.’s (2013) study, coloured curve stimuli were associated with 
either a large, small, or no reward. When the difference in reward between two stimuli 
was large (i.e., large reward vs. no reward), V1 neuronal activity was higher than when 
the reward difference between two stimuli was small or equal. In rats, V1 activity is also 
modulated by reward-timing (Shuler & Bear, 2006). The Wulst has been shown to have 
the closest anatomical resemblance to area V1 in mammals (Ng, Grabska-Barwińska, 
Güntürkün, & Jancke, 2010), although functionally, V1 is similar to both the Wulst and 
certain areas of the optic tectum (Li, Xiao, & Wang, 2007), part of the pathway that 
terminates at ENTO. In our DO DMS study, the relative reward value of the two sample 
stimuli was large, in that the skateboarder stimulus was associated with reward and the 
flower stimulus associated with no reward. Thus, it seems likely that, similar to V1 in 
mammals, the Wulst in birds may also integrate and process reward-related information. 
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The fact that the Wulst may serve reward functions is supported by evidence that Wulst 
neurons project to the NCL (Shimizu & Bowers, 1999). The NCL is highly implicated in 
reward processing, and not only codes whether reward is available, but also the size 
(Koenen et al., 2013) and value of the reward (Dykes, Klarer, Porter, Rose, & Colombo, 
2018).  
Under DO conditions, the NCL appears to use reward coding (Browning et al., 2011; 
Johnston et al., 2017a; Rose & Colombo, 2005). However, under CO conditions, the NCL 
codes information about the sample (Johnston et al., 2017b). The NCL, therefore, seems 
capable of supporting both sample coding as well as reward coding, as the situation 
demands, although it is likely primarily specialised for reward coding. Similarly, in our 
study, Wulst neurons may be using sample coding under CO conditions, when there is no 
difference in the stimulus-reward associations, although as noted in previous sections, 
this pattern of activity could also be interpreted as reward-related information. However, 
because differences in stimulus-reward associations exist in DO conditions, Wulst 
neurons appear to be able to code reward information either as strongly as in NCL, as we 
see in the excitatory neurons, or perhaps more weakly as in ENTO, as indicated by the 
reward-modulated sample coding in inhibitory neurons. It is not unreasonable to assume 
that Wulst neurons may employ different types of encoding across the two tasks, as the 
DO task is heavily tied to reward outcomes and the CO task is not, despite requiring the 
same behavioural response. For the Wulst, and perhaps other areas of the pigeon brain, it 
may be that the stimulus-reward associations unique to the DO task allow neurons to 
engage in reward-based processing more easily than in the CO task when there are no 
differential reward outcomes. Overall, it is undeniable that the Wulst, while one of the 
main visual areas in birds, is heavily influenced by reward information. 
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  3.4.5. Subsequent categorisation studies and the Wulst 
As stated in section 1.3., the overarching goal of this thesis is to understand how neural 
activity in areas that use reward/behaviour-driven information and areas that use visual 
information differs during categorisation. We believe that both NCL and ENTO serve 
fairly distinct primary functions (reward processing and visual processing, respectively), 
although as previously discussed, both of these areas are also capable of integrating other 
types of information at a secondary level. However, as we have shown in the above study, 
the function of Wulst neurons is more flexible, in that Wulst neurons process more visual 
information than NCL neurons and more reward information than ENTO neurons. 
Therefore, it will be more difficult for us to predict and understand what information 
Wulst neurons will be processing during categorisation. While the fact that the two main 
intermediary visual areas (ENTO and Wulst) in the pigeon process visual information 
differently to one another, it is not within the scope of this thesis to draw comparisons 
between these two areas. We already know from past lesion studies that ENTO appears 
to be more involved in visual categorisation than the Wulst (Watanabe et al., 2011) and 
thus ENTO is a key area of interest. For these reasons, we decided that we would not 





CHAPTER 4 | 
CATEGORISATION OF 
ENGLISH WORDS AND 
NONWORDS BY PIGEONS 
 
In this Chapter, the first of four categorisation studies will be presented, in which birds 
are trained on a word versus nonword discrimination task. Previous categorisation studies 
with animals often use categories defined by human language, such as cars versus chairs, 
despite lacking linguistic abilities (see Chapter 1). Therefore, we thought it would be 
interesting to add to the behavioural study by Scarf, Boy, Reinert, Devine, Güntürkün, 
and Colombo (2016) which investigated whether pigeons could be trained to learn short 
English words and discriminate these from nonwords.  For this study, we used single-unit 




  4.1.1. Language in humans 
According to Bosse (2015), there are two types of knowledge that humans acquire 
when learning to read: grapheme-phoneme associations and orthographic knowledge. The 
first type of knowledge, grapheme-phoneme associations, is a basic decoding skill we 
learn as children. For example, children learn that the sound /p/ is associated with the 
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written letter ‘p’, but that the sound /s/ is associated with both the letter ‘s’ and also the 
letter ‘c’. Children then apply these grapheme-phoneme associations in order to generate 
written words (Hulme & Snowling, 2013). 
The second type of knowledge, orthographic knowledge, involves understanding letter 
identities and positions within specific words in an individual’s vocabulary, and then 
applying this knowledge to novel words (Bosse, 2015). As children become more 
experienced readers, they rely less on grapheme-phoneme associations and instead use 
orthographic knowledge, which generates more fluent reading (Bosse, Chaves, Largy, 
Valdois, 2015). The term ‘orthography’ itself refers to a set of graphemes (i.e. alphabet) 
and the accompanying rules (i.e. grammar) for writing a specific language (Seifart, 2008). 
Orthographic knowledge is especially helpful in learning languages with inconsistent 
orthographies, such as English (Bosse, 2015).  
In particular, orthographic knowledge about letter pairings (bigrams) play an important 
role in word recognition among literate readers (Duñabeitia, Orihuela, & Carreiras, 2014). 
For example, the word ‘bird’ has three bigrams: ‘bi’, ‘ir’, and ‘rd’. Bigram frequency 
refers to how often these bigrams appear in an individual’s pre-existing vocabulary (Rice 
& Robinson, 1975). Novel words which contain bigrams that appear frequently in the pre-
existing vocabulary (high bigram frequency) are more easily learned and assimilated into 
a vocabulary, while novel words that have a low bigram frequency are more difficult to 
learn (Broadbent & Gregory, 1968; Rumelhart & Siple, 1974). Furthermore, the size of 
an individual’s vocabulary is important as larger vocabularies increase the likelihood of 
encountering bigrams found in previously learned words, which elicits faster and more 
accurate responses than smaller vocabularies (El-Nasan, Veeramachaneni, & Nagy, 2001; 
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Mohri, Riley, Hindle, Ljolje, & Pereira, 1998). Thus, it seems that bigram frequencies are 
useful tool when discriminating between real words and nonwords in humans. 
  4.1.2. Orthographic processing in baboons 
Research surrounding the development of reading written language in humans 
emphasises a need for prior experience with phoneme-grapheme associations before 
orthographic knowledge is acquired. That is, a spoken form of language is critical in 
learning to read in humans. However, in contrast to human research, a study by Grainger, 
Dufau, Montant, Ziegler, and Fagot (2012) demonstrated that non-human primates are 
able to acquire orthographic knowledge in the absence of a spoken language. Grainger et 
al. (2012) trained baboons to discriminate four-letter English words from four-letter 
strings that were not real words (nonwords; see Figure 4-1). Nonwords were always 
comprised of one vowel and three consonants, and their bigram frequency was minimised, 
while the bigram frequency of real words was maximised. Exaggerating the differences 
in bigram frequencies between words and nonwords allowed Grainger et al. (2012) to test 
if the baboons could learn the statistical properties of words despite having no prior 




Figure 4-1: The behavioural task from Grainger et al. (2012). 
In each session, baboons were presented with a four-letter string which could be a 
word or a nonword. Baboons were required to choose the oval if the string was a word, 
and the cross if the string was a nonword. Adapted from Grainger et al. (2012)4. 
 
 
At the end of training, baboons had learned between 81 and 308 words. In each session 
baboons were tested with 25 familiar words they had already learned (representing their 
pre-existing vocabulary), 25 novel words, and 50 nonwords taken from a pool of over 
7,800 nonwords. Baboons were shown one of the four-letter strings (either a word or a 
nonword), followed by two shapes. The oval represented the ‘word’ category, while the 
cross represented the ‘nonword’ category. Correct categorisation of the strings into words 
or nonwords resulted in reward. Grainger et al. (2012) found that the higher the bigram 
frequency of a novel word, the more likely the baboons were able to correctly categorise 
the string as a word. That is, baboons seem to be sensitive to the statistical properties of 
words. Similarly, deep convolutional network models that mirror the primate visual area 
 
4 From Grainger, J., Dufau, S., Montant, M., Ziegler, J. C., & Fagot, J. (2012). Orthographic processing in 
baboons (Papio papio). Science, 336(6078), 245-248. https://doi.org/10.1126/science.1218152. Reprinted 
with permission from AAAS and adapted with permission from J. Grainger. 
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also show that information pertaining to letter positions and pairings, such as bigrams, 
appears to inform categorisation (Hannagan, Ziegler, Dufau, Fagot, & Grainger, 2014).  
  4.1.3. Orthographic processing in pigeons 
Whether non-primates (and in the case of this thesis, birds) are able to acquire 
orthographic knowledge has been more widely debated. It has been suggested that 
pigeons’ categorisation and generalisation abilities may mirror the way human children 
learn words (Wasserman, Brooks, & McMurray, 2015). Indeed, pigeons have been shown 
to discriminate letters of the alphabet in similar ways to humans, including the types of 
errors made by both species (Blough, 1982). However, a recent study by Scarf et al. 
(2016), demonstrated that like baboons, pigeons are also sensitive to the statistical 
properties of words and can categorise words using this orthographic knowledge. Using 
the same basic orthographic task as Grainger et al. (2012), Scarf et al. (2016) trained four 
naïve pigeons to discriminate word and nonword stimuli. Words were drawn from a pool 
of 308 words learned by the best baboon in Grainger et al. (2012), and nonwords were 
drawn from the same pool of 7,832 nonwords. The number of words learned by the end 
of training for each pigeon ranged from 26 to 68 words. 
Similar to the procedure run by Grainger et al. (2012), each testing session consisted 
of 25 familiar words, 25 presentations of the newest word being learned, and 50 
nonwords. On each trial, either a word or nonword was presented on-screen, as well as 
an asterisk symbol above or below the string. The birds were required to peck the four-
letter string itself if it was a word, and the asterisk if the string was a nonword (see Figure 
4-3 for an illustration of the task). As with the baboons, the pigeons’ ability to correctly 
identify words was correlated with the bigram frequency of the word for both familiar 
and novel words. Novel words were not only correctly categorised as words more often 
66 
 
than chance, but also were classified as nonwords significantly less often than nonwords 
were. That is, pigeons’ performance when tested with novel words indicated that the 
pigeons were not simply rote learning their vocabularies.  
To further understand whether the pigeons’ behaviour resembled hallmark 
orthographic processing behaviour, the birds were given a transposition test and a 
substitution test. Transposition probe trials took familiar words and transposed the middle 
two letters, e.g. ‘bird’ became ‘brid’. In both humans and baboons, transposition of 
middle letters does not affect the perception of a word, even though the arrangement of 
letters is no longer a real word (Perea & Lupker, 2004; Ziegler, Hannagan, Dufau, 
Montant, Fagot, & Grainger, 2013). Substitution probe trials took familiar words and 
substituted the middle two letters with another random letter from the same category 
(vowels or consonants), e.g. ‘bird’ became ‘bagd’. Unlike transposed words, substituted 
words are no longer comprised of the same letter identities as the original word, and both 
humans and baboons categorise substituted words as nonwords (Duñabeitia et al., 2014; 
Ziegler et al., 2013). Scarf et al. (2016) found that pigeons performed more similarly to 
humans on transposition and substitution probes than baboons did, demonstrating that 






Figure 4-2: Performance on familiar, transposed, and substituted words across 
species. 
The percentage of word responses to familiar words (solid bars), transposed words 
(diagonal hatch bars), and substituted words (patterned bars) for (a) pigeons (Scarf et 
al., 2016), (b) humans (Duñabeitia et al., 2014), and (c) baboons (Grainger et al., 
2012). From Scarf et al. (2016).5 
 
 
  4.1.4. Aims and objectives of the study 
The aim of the current study is to further the behavioural evidence presented in Scarf 
et al. (2016) that pigeons are able to categorise real English words based on their statistical 
properties with neural evidence from single-unit electrophysiology. As outlined in section 
1.3., neural activity from both the NCL and ENTO will be examined, as both areas have 
been highly implicated in categorisation and categorical processing. In particular, we are 
interested in how the categories of ‘word’ and ‘nonword’ are represented in NCL and 
ENTO, the involvement of these areas in the categorisation process, and whether 
differences in categorisation based on bigram frequency are also represented neurally. On 
 
5 Reprinted with permission from the National Academy of Sciences. 
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the basis of previous categorisation studies outlined in sections 1.2.3. and 1.2.6., we 
expect neural activity in NCL to be encoding information based on behavioural outcomes, 
i.e. reward. On the other hand, we expect that ENTO activity will be encoding categorical 
information based on differences between words and nonwords, likely characterised by 
differences in bigram frequency. 
 
4.2. Materials and Methods 
  4.2.1. Subjects 
The subjects were four experimentally sophisticated adult homing pigeons (Columba 
livia). They had previously served in a behavioural study examining orthographic 
processing in pigeons (Scarf et al., 2016). Unfortunately, our sample size was limited to 
these four birds as they were the best performing birds from the original study, and the 
only four to progress their training past the performance recorded in the Scarf et al. (2016) 
study. Further naïve birds could not be trained due to time limitations, as our four birds 
had been trained over two years. 
  4.2.2. Apparatus and stimuli 
An operant chamber measuring 360(l) x 440(w) x 470(h) mm internally was used 
during training and a slightly modified chamber measuring 350(l) x 430(w) x 390(h) mm 
internally was used during electrophysiological testing. The Perspex panel that was 
positioned in front of the monitor had one rectangular hole measuring 33(w) x 20(h) mm 
at the centre of the panel, and was surrounded by four circular holes, each measuring 25 
mm in diameter. The right- and left-most circles were placed 50 mm apart from centre to 
centre, while the top and bottom circles were 28 mm apart, centre to centre. Stimuli were 
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presented in the rectangular hole and the top and bottom circular holes only. The four-
letter strings (which could either be a word or nonword) were presented in the rectangular 
hole, and the star symbol appeared in the circular holes either above or below the string. 
The eight-point star symbol measured 15 mm in diameter. 
Both words and nonwords were displayed in bolded 12pt Arial font, and all letters 
were capitalised. Both words and nonwords were taken from the pool of words and 
nonwords used in Scarf et al.’s (2016) pigeon study (a pool of 308 words and 7,832 
nonwords). Nonwords always consisted of three consonants and one vowel, whereas a 
word could have one or two vowels. 
  4.2.3. Behavioural task 
The birds were trained over three years to learn to discriminate between 30 and 62 
words from a pool of 7,800 nonwords (for details, see Scarf et al., 2016). Figure 4-3 shows 
the sequence of events on word and nonword trials. Trials began with a 5000 ms intertrial 
interval (ITI) period, during which the birds were presented with a white screen. 
Following the ITI, a string of four letters, which was either a four-letter word or a 
nonword, was displayed in the centre of the screen. An asterisk symbol was also presented 
either above or below the four-letter string. Birds were required to peck the four-letter 
string if it was a word, or to peck the asterisk symbol if the four-letter string was a 
nonword. A correct response to both words and nonwords resulted in 2500 ms access to 
wheat reward. An incorrect response resulted in a punishment consisting of a 5000 ms 
timeout period, a 500 Hz tone, and no reward. A correction procedure was in place at all 
times. That is, a trial performed incorrectly was repeated until the pigeon made a correct 





Figure 4-3: Behavioural task. 
The sequence of events on word and nonword trials. On word trials, birds were required to peck the string, while on nonword trials they were 
required to peck the asterisk symbol. When the four-letter string presented in the centre was a real word (a) or a nonword (b), a correct response 
resulted in 2500 ms access to a food reward (wheat). However, if the birds responded incorrectly to a word (c) or nonword (d), the birds were not 




In each session, words were displayed for half the trials and nonwords were displayed 
for the other half, randomly mixed. Each bird had been trained on a different set of words 
(which we refer to as their ‘vocabulary’), which had been chosen from the pool of 308 
words from the study by Grainger et al. (2012). All birds had been exposed to the same 
7,832 nonwords during their training, and for each testing session a new set of nonwords 
was pseudo-randomly chosen from the nonword pool such that across the course of 
training and testing all nonwords were sampled an equal number of times. Q43 had the 
largest vocabulary (62 words), followed by Q35 (60 words), Q41 (32 words), and Q32 
(30 words). The vocabulary of each individual bird is detailed in Figure 4-4. For Q43 and 
Q35, 62 and 60 nonwords were used in each session, respectively. For Q41 and Q32, each 
word appeared twice in each session, and 64 and 60 nonwords were used in each session, 
respectively. Therefore, for Q32 and Q35, each session consisted of 120 trials, while Q43 
had 124 trials, and Q41 had 128 trials. The asterisk symbol appeared above the four-letter 




Figure 4-4: The vocabularies of each bird. 
Q32 learned the smallest number of words (A – 30), followed by Q41 (B- 32), Q35 
(C- 60), and Q43 who learned the most words (D- 62). 
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  4.2.4. Surgery 
Birds underwent surgery after they had learned their full vocabularies. Two pigeons 
(Q32 and Q43) had electrodes inserted into NCL, and two other pigeons (Q41 and Q35) 
had electrodes inserted into ENTO. For both of these brain regions, one microdrive was 
installed in the left hemisphere in one bird (Q32 in NCL and Q35 in ENTO) and the right 
hemisphere in the other bird (Q43 in NCL and Q41 in ENTO).   
   
4.3. Results 
  4.3.1 Histology 
All electrode tracks were within the targeted regions as defined by Karten and Hodos 









Figure 4-5: The electrode track reconstruction.  
(A) NCL. Red line – Q32; blue line – Q43. (B) ENTO. Red line – Q35; blue line – 
Q41. Brain regions (as defined by Reiner et al., 2004): A, arcopallium; CDL, area 
corticoidea dorsolateralis; DA, tractus dorso-arcopallialis; E, entopallium; HA, 
hyperpallium apicale; HD, hyperpallium densocellulare; GP, globus pallidus; M, 
mesopallium; N, nidopallium; NCL, nidopallium caudolaterale; Rt, nucleus rotundus; 
StM, striatum mediale; TeO, tectum opticum. 
 
 
For NCL, the intended track positions were AP +5.5 and ML ±7.5. The track position 
for the left hemisphere bird (Q32) was AP +4.75 and ML +8.5, differing from the intended 
AP position by 0.75mm and the ML position by 1.0 mm. The track position for the right 
hemisphere bird (Q43) was AP +5.75 and ML –8.0, differing from the AP position by 
0.25mm and the ML position by 0.5mm. 
For ENTO, the intended track positions were AP +9.5 and ML ±6.0. The track position 
for the left hemisphere bird (Q35) was AP +9.5 and ML +6.5, differing only from the 
75 
 
intended ML position by 0.5 mm. The track position for the right hemisphere bird (Q41) 
was AP +9.75 and ML –6.0, differing only from the intended AP position by 0.25mm. 
  4.3.2. Behavioural performance 
The behavioural performance across all recording sessions of all four birds, depending 
on the region they were implanted in, is shown in Figure 4-6. The average performance 
of all birds was analysed using a 2-way repeated-measures ANOVA with trial type (2: 
words and nonwords) and brain region (2: NCL and ENTO) as factors, with repeated 
measures over trial type (Greenhouse-Geisser corrected). There was a significant main 
effect of trial type, F(1,157) = 11.29, p = 0.001, and brain region, F(1,157) = 30.24, p < 
0.001, as well as an interaction between trial type and brain region, F(1,157) = 12.60, p 
= 0.001. Paired t-tests revealed that performance on word trials was significantly different 
from performance on nonword trials in ENTO, t(86) = 5.03, p < 0.001, but not in NCL, 
t(71) = 0.13, p = 0.90. Regardless of differences in performance for NCL-implanted and 
ENTO-implanted birds, as well as differences between word and nonword trials in ENTO, 
performance on all both trial types for both brain regions was significantly above chance, 





Figure 4-6: Overall behavioural performance on the orthographic task.  




We also decided to examine whether each bird’s behavioural performance on 
individual words was affected by the bigram frequency of each word, as both Grainger 
et al. (2012) and Scarf et al. (2016) found that higher bigram frequencies were 
correlated with better performance. The correlations between behavioural performance 
for each word and the bigram frequency of the word, across all sessions, for each bird, 
are shown in Figure 4-7. Note that we have not collapsed data across areas for these 
correlations, as each bird’s vocabulary is unique. For the NCL bird with the small 
vocabulary (Q32, Figure 4-7a), their average performance for each word was 
significantly correlated with the bigram frequency of the word, r = 0.56, n = 30, p = 
0.01. For the NCL bird with the large vocabulary (Q43, Figure 4-7b), their average 
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performance for each word was not significantly correlated with bigram frequency, r = 
0.23, n = 62, p = 0.076. For the ENTO bird with the small vocabulary (Q41, Figure 4-
7c), their average performance was not significantly correlated with bigram frequency, 
although it approached significance, r = 0.35, n = 32, p = 0.051. Finally, for the ENTO 
bird with the large vocabulary (Q35, Figure 4-7d), their average performance on each 




Figure 4-7: Correlations between average performance and bigram frequency. 
The correlation plots for a) the NCL bird with the small vocabulary (Q32), b) the NCL 
bird with the large vocabulary (Q43), c) the ENTO bird with the small vocabulary 




  4.3.3. Data analysis 
After filtering for visually responsive cells, a total of 135 neurons were used for data 
analysis, 64 from NCL and 71 from ENTO. Of the 64 visually responsive NCL neurons, 
61 neurons (95.3%) were inhibitory to at least one of the stimuli, while the remaining 3 
neurons (4.7%) were excitatory. Of the 71 ENTO neurons, 61 (85.9%) were classified as 
excitatory, and the remaining 10 neurons (14.1%) were inhibitory. Due to the extremely 
low numbers of inhibitory neurons in ENTO and excitatory neurons in NCL, we restricted 
all subsequent NCL birds’ analyses to inhibitory neurons and ENTO birds’ analyses to 
excitatory neurons. 
  4.3.4. Population profiles 
We constructed population profiles of the excitatory neurons in ENTO birds and the 
inhibitory neurons in NCL birds by averaging across all words and across all nonwords 
for each neuron. To see if there was any difference in neural activity to the word and 
nonword categories, we used a two-way repeated-measures ANOVA with stimuli (words 
vs nonwords) and bin (6 bins for each of the periods; the middle 300 ms of the ITI, the 
first 300 ms of the stimulus period, and the middle 300 ms of the reward period, 
respectively) as factors, with repeated measures over stimuli and bins (Greenhouse-
Geisser corrected). Note that bin is generally not of interest, as any significant value just 
reflects variations in the firing rates from one bin to the next. The population profiles are 
discussed in further detail in the following sections for each region.  
The population profile for NCL inhibitory neurons is shown in Figure 4-8a. There was 
no significant main effect of stimuli in any of the three periods, all Fs < 1.46, all ps > 
0.23. There was a significant main effect of bin in the reward period, F(5,300) = 4.15, p 
= 0.03, but not in the other two periods, both Fs < 2.23, both ps > 0.083. There was also 
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no significant interaction effect between stimuli and bin in any of the three periods, all Fs 
< 2.46, all ps > 0.06. 
 
 
Figure 4-8: Population profiles. 
Population profiles for a) NCL inhibitory neurons and b) ENTO excitatory neurons. 
Neuronal data was normalised against the maximum firing rate during the ITI, and bin 
width is 50 ms. Vertical lines separate the different periods of the task. Shaded bands 




The population profile for ENTO excitatory neurons is shown in Figure 4-8b. There 
was no significant main effect of stimuli in any of the three periods, all Fs < 0.33, all ps 
> 0.57. There was a significant main effect of bin in both the stimulus period, F(5,300) = 
6.79, p < 0.001, and the reward period, F(5,300) = 26.80, p < 0.001, but not in the ITI, 
F(5,300) = 1.53, p = 0.18. There was a significant interaction effect between stimuli and 
bin in the stimulus period, F(5,300) = 4.58, p = 0.001, with greater activity to word trials 
than nonwords trials at the start of the period, but with activity to word trials then 
decreasing across the period while activity to nonword trials remained relatively stable. 
There was no interaction effect between stimulus and bin in the other two periods, both 
Fs < 1.93, both ps > 0.097. 
  4.3.5. Bigram frequency differences 
As a further analysis, we were interested to see whether neural activity differed 
between words based on their bigram frequencies. First, we removed any neurons that 
were not visually responsive to the word stimuli, regardless if they were visually 
responsive to the nonword stimuli, as we were specifically interested in activity to word 
trials (13 neurons from NCL birds, and 6 from ENTO birds). Then, for each bird, we 
calculated the bigram frequency (BF) of each word in their respective vocabularies (for 
more detail about how bigram frequencies are calculated, see Scarf et al., 2016). For each 
bird, we split their BF range into thirds – low (lower third), medium (middle third), and 
high (upper third). To see if there was any difference in neural activity to the words and 
nonwords based on BF, we used a two-way repeated-measures ANOVA with trial type 
(low BF, medium BF, high BF, nonwords) and bin (6 bins for each of the periods; the 
middle 300 ms of the ITI, the first 300 ms of the stimulus period, and the middle 300 ms 
of the reward period, respectively) as factors, with repeated measures over BF and bins 
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(Greenhouse-Geisser corrected). As each bird had a different vocabulary, and therefore 
different bigram frequencies, we did not collapse across birds within each area.  
 
 
Figure 4-9: The NCL population profiles based on bigram frequencies. 
The NCL population profiles based on bigram frequencies for: a) the NCL bird with 
a small vocabulary (Q32), and b) the NCL bird with the large vocabulary (Q43). 
Neuronal data was normalised against the maximum firing rate during the ITI, and bin 
width is 50 ms. Vertical lines separate the different periods of the task. Shaded bands 




The population profile for the NCL bird with the small vocabulary (Q32) is shown in 
Figure 4-9a. There was a significant main effect of trial type in the reward period, F(3,96) 
= 3.18, p = 0.041, but not in the ITI or stimulus periods, both Fs < 1.84, both ps > 0.15. 
Post hoc pairwise comparisons using the Bonferroni correction revealed that in the reward 
period, activity to words with high bigram frequencies (M = 0.18, SE = 0.021) was 
significantly lower than activity to nonwords (M = 0.21, SE = 0.021, p = 0.01). Finally, 
there was no significant interaction effect between trial type and bin in any of the three 
periods, all Fs < 1.19, all ps > 0.31.   
The population profile for the NCL bird with the large vocabulary (Q43) is shown in 
Figure 4-9b. There was no significant main effect of trial type in any of the three periods, 
all Fs < 1.94, all ps > 0.17. Finally, there was also no significant interaction effect between 





Figure 4-10: The ENTO population profiles based on bigram frequencies. 
The ENTO population profiles based on bigram frequencies for: a) the ENTO bird 
with a small vocabulary (Q41), and b) the ENTO bird with the large vocabulary (Q35). 
Neuronal data was normalised against the maximum firing rate during the ITI, and bin 
width is 50 ms. Vertical lines separate the different periods of the task. Shaded bands 
represent ±1 SEM. ITI, intertrial interval. 
 
 
The population profile for the ENTO bird with the small vocabulary (Q41) is shown 
in Figure 4-10a. There was no significant main effect of trial type in any of the three 
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periods, all Fs < 1.06, all ps > 0.35. Finally, there was no significant interaction effect 
between trial type and bin in any of the three periods, all Fs < 1.95, all ps > 0.054. 
The population profile for the ENTO birds with the large vocabulary (Q35) is shown 
in Figure 4-10b. There was no significant main effect of trial type in any of the three 
periods, all Fs < 1.63, all ps > 0.19. Finally, there was no significant interaction effect 
between trial type and bin in any of the three periods, all Fs < 1.43, all ps > 0.19. 
 
4.4. Discussion 
  4.4.1. Summary of findings 
We analysed a total of 135 visually responsive neurons, 64 from NCL and 71 from 
ENTO. In NCL, the majority of neurons were inhibitory (95.3%), while the majority of 
neurons in ENTO were excitatory (85.9%). These visually responsive neurons were 
further analysed using a two-way repeated-measures ANOVA (Greenhouse-Geisser 
corrected) to see whether neural activity differed between words and nonwords within 
each task period. In both NCL and ENTO, we found that overall activity to words and 
nonwords did not differ within any period, although in ENTO activity to words in the 
stimulus period decreased over time, while activity to nonwords remained relatively 
stable. In a further analysis, we split word trials based on bigram frequencies (low, 
medium, and high) and compared these with nonword trials. For one bird (Q32), we found 
a significant difference between activity to nonwords and activity to words with a high 
bigram frequency during the reward period. Differences in activity between different 
bigram frequencies and nonwords in the other three birds were not found. 
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  4.4.2. Reward-based categorisation in NCL? 
We predicted that NCL activity would be encoding categorical information based on 
behavioural outcomes such as reward. The fact that we did not find any differences 
between words and nonwords during the stimulus period (when the string and asterisk 
were presented) suggests that as expected, the NCL does not use visual properties of a 
stimulus to categorise objects. However, we also did not find any differences in between 
words and nonwords during the reward period. In the DMS studies discussed in Chapter 
3, NCL appears to default to reward coding when there is the opportunity to code 
differential rewards, i.e. reward is different between the two stimuli (Johnston et al., 
2017a). However, when reward is the same for both stimuli, NCL is able to switch to 
coding the to-be-remembered stimulus (Johnston et al., 2017b). In the current study, 
reward was the same for correctly categorising both words and nonwords, so it is likely 
that a lack of difference in activity during the reward period is due a lack of differential 
reward.  
However, the categorisation study performed by Kirsch et al. (2009) found that even 
though correct responses to both categories resulted in the same reward, NCL neurons 
still encoded these rewards differently between categories. Since there was no difference 
in activity to overall word and nonword trials, it does not seem that NCL inhibitory 
neurons were able to differentiate between rewards associated with different categories. 
However, we did find some differences when word trials were split by bigram frequency. 
For the bird with the small vocabulary (Q32), we found a significant difference in activity 
to nonwords and words with a high bigram frequency in the reward period. A high bigram 
frequency indicates that a particular word contains bigrams which occur frequently in the 
pre-existing vocabulary. In humans, the higher the bigram frequency, the more easily a 
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word is learned (Broadbent & Gregory, 1968; Rumelhart & Siple, 1974). In the current 
study, differences in activity to words with high bigram frequencies and nonwords may 
be a reflection of the bird’s ability to use bigram frequencies to distinguish very ‘wordy’ 
words from nonwords. The fact that we see this difference in the reward period may 
indicate that the bird is encoding the same reward differently between these two 
categories, as in Kirsch et al. (2009).  On the other hand, words with medium or low 
bigram frequencies may be more difficult to distinguish from nonwords, as these words 
contain fewer common bigrams.  
It is interesting to note that we only found this difference in the bird with the smallest 
vocabulary and not in the bird with the largest vocabulary (Q32 and Q43, 30 and 62 
words, respectively). In humans, larger vocabularies increase the likelihood of 
encountering bigrams found in previously learned words, which elicits faster and more 
accurate responses than smaller vocabularies (El-Nasan et al., 2001; Mohri et al., 1998). 
In the current study, we did not see any evidence of using bigram frequencies to 
distinguish words from nonwords in the neural activity of Q43. This is also reflected in 
the behavioural data, with Q32 displaying a significant correlation between behavioural 
performance and bigram frequency, while Q43 did not. We are uncertain as to why a 
larger vocabulary did not appear to elicit the use of bigram frequency to guide 
categorisation or aid behavioural performance. Perhaps the fact that Q32 learned fewer 
words makes bigram frequency more useful for distinguishing words from nonwords than 
for Q43. All four of the birds were given the same amount of training sessions, yet two 
of the birds (Q43 and Q35) learned approximately twice as many words as the other two 
birds (Q32 and Q41) in that time. It is possible that the difference in the number of words 
learned may indicate better general memory in the birds with the larger vocabularies, and 
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thus those birds do not need bigram frequency to help them categorise words from 
nonwords as much as the birds with a poorer memory. We discuss memorisation further 
in section 4.4.4. 
  4.4.3. Visual-based categorisation in ENTO? 
We predicted that ENTO activity would be encoding categorical information based on 
the visual differences between words and nonwords, which would likely be reflected by 
differences in bigram frequency. The fact that we did not find any differences between 
words and nonwords during the stimulus period (when the string and asterisk were 
presented) suggests that contrary to expectations, neurons in ENTO are not coding 
differences in the visual properties of words and nonwords. While there was a larger 
increase in activity to words trials over nonword trials at the very start of the stimulus 
period, this was not significant as activity quickly decreased to the same level as nonword 
trials for the remainder of the stimulus period.  
A lack of difference in ENTO activity between word and nonwords trials may be 
caused by the fact that we cannot be sure where the bird is looking at the start and the end 
of the trial. In the current study, birds were presented with a four-letter string (either a 
word or nonword) in the centre of the screen and an asterisk symbol above or below the 
string simultaneously. If the string was a real word, they were required to peck the string, 
and if it was a nonword, they were required to peck the asterisk. We assume that the last 
thing a bird would be looking at would be the stimulus they are about to peck, and because 
a four-letter string and an asterisk are very visually different, we then also expect that 
neurons will be encoding the visual differences between these two stimuli. However, at 
the start of the stimulus period, birds must look at the four-letter string to determine which 
response to make (peck string or asterisk). It is likely that neural activity to the birds’ first 
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perception of the four-letter string would be more informative as to whether neurons in 
ENTO are encoding visual differences between words and nonwords. It is possible that 
the initial difference in activity seen at the start of the stimulus period is when the birds 
are initially viewing the four-letter string, and thus neurons are coding visual differences. 
Unfortunately, we were restricted to using the 300 ms period before the peck to the sample 
stimulus as we cannot be sure that the bird is looking at the stimuli at the start of the trial, 
as opposed to some other part of the operant chamber. 
We also failed to find any neural evidence of categorisation based on visual differences 
when we further split word trials by bigram frequency. For both birds, there is a spike in 
activity at the start of the stimulus period for two of the four trial types, as found in the 
overall word versus nonword analysis. For the bird with the larger vocabulary (Q35) 
greater activity occurs to words with high and medium bigram frequency, with activity to 
low bigram frequency words and nonwords being much lower. For the bird with the 
smaller vocabulary (Q41), greater activity occurs to words high and low bigram 
frequency, rather than words with medium bigram frequencies and nonwords. However, 
as with the overall analyses, activity then decreases rapidly to the same level across all 
four trial types in both birds. Behavioural data appears to indicate that the birds are using 
bigram frequencies to guide categorisation, as there was a significant correlation between 
bigram frequency and behavioural performance in the bird with the larger vocabulary and 
approached significance in the bird with the smaller vocabulary. Again, although the 
differences in activity at the start of the stimulus period may be more informative about 
what is being encoded during categorisation, and whether bigram frequency is used to 
guide categorisation, we were unable to analyse the start of the stimulus period.  
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  4.4.4. Disparities between current and previous behavioural data 
One main difference between the behavioural data presented in Scarf et al. (2016) and 
the current study was the correlations between correctly categorising words and the 
bigram frequency of the word. Scarf et al. (2016) found significant positive correlations 
between birds’ behavioural performance and bigram frequency in three out of four birds 
(all r2 values between 0.65 and 0.69, all ps < 0.05), with the exception of Q35 (r2 = 0.08, 
p = 0.40). However, in the current study, we found that only two out of the four birds had 
a significant correlation between behavioural performance and bigram frequency, 
including Q35 (Q32: r = 0.56, p = 0.01; Q35: r = 0.36, p = 0.004), although Q41 also 
approached significance (r = 0.35, p = 0.051).  
One reason why we may have found weaker or insignificant correlations between 
behavioural performance and bigram frequency in the current study may be due to 
memorisation. The data presented in Scarf et al. (2016) covers most of the birds training 
period (up to between 26 and 58 words), and thus their data covers the period in which 
the birds are still learning new words. In the current study however, we had since trained 
the same birds to between 30 and 62 words, and then kept the birds at this level for 
subsequent testing sessions. That is, in the current study, the behavioural data presented 
covers the period after learning. It may be that bigram frequency is more useful to the 
birds when learning new words, but as words are learned, birds are able to categorise 
words based on their familiarity with a word (i.e., memorisation). It is not impossible for 
birds to be able to memorise up to 62 words and then discriminate them from a large pool 
of nonwords, as previous studies have shown the long-term memory capacity of pigeons 
to be quite large (Cook, Levison, Gillett, & Blaisdell, 2005; Vaughan & Greene, 1984). 
If birds were memorising their respective vocabularies, then they would not need to rely 
90 
 
on orthographic knowledge such as bigrams during categorisation. However, in humans, 
there is mixed evidence as to whether bigram sensitivity precedes reading performance, 
or vice versa (for an overview see Rothe, Schulte-Körne, & Ise, 2014; Schmalz, Moll, 
Mulatti, & Schulte-Körne, 2019). Ultimately though, neural activity at the time of 
categorisation (i.e. when the stimulus is presented), should not be affected by whether our 
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In this Chapter, the second of four categorisation studies will be presented, in which birds 
are trained to discriminate a set of Monet paintings from a set of Picasso paintings. In the 
previous study, we found that the semi-symbolic paradigm was limited in that we were 
unable to properly compare neural activity between the two categories (see section 4.4.). 
In order to rectify this limitation, we used an S+/S- paradigm in the current study instead 
of the semi-symbolic task, in which half the birds were trained to peck Picasso paintings 
and refrain from responding to Monet paintings, and vice versa for the other half of the 
birds.  For the current study, we used single-unit electrophysiology to record neural 
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activity in NCL, ENTO, and MVL during the Picasso/Monet discrimination task. The 
majority of this Chapter is taken directly from the publication above, particularly the 
Methods and Results sections. The Introduction and Discussion have been amended in 



















  5.1.1. Categorisation of paintings by birds 
In what is perhaps one of the classic pigeon categorisation studies, Watanabe, 
Sakamoto, and Wakita (1995) trained pigeons to discriminate between Picasso and Monet 
paintings using an S+/S- discrimination paradigm. Half of their pigeons were trained to 
only peck Picasso paintings (Picasso S+), and half were trained to only peck Monet 
paintings (Monet S+), with each group having as their S- stimuli the paintings from the 
opposite artist. Watanabe et al. (1995) found that pigeons successfully discriminated 
between Monet and Picasso paintings even when colour, contour, and sharpness were 
controlled for. Watanabe et al. (1995) also tested the pigeons with mirrored and upside-
down versions of the stimuli and found that the pigeons were still as accurate as 
identifying Picasso paintings, but accuracy to Monet paintings was reduced. Most 
strikingly, Watanabe et al. (1995) found that birds were able to generalise to both novel 
instances of Picasso and Monet paintings, as well as other cubist and impressionist artists 
such as Matisse and Cezanne. Birds also successfully learned a pseudo-discrimination 
task, in which half the Picasso paintings and half the Monet paintings were grouped and 
presented as the S+ stimuli. Thus, Watanabe et al. (1995) argued that the pigeons were 
not only able to discriminate between the two artists’ paintings, but also able to 
discriminate between individual paintings.  
  5.1.2. Hemispheric differences during categorisation in birds 
Interestingly, general visual memory, object processing, and visual categorisation in 
non-human vertebrates have been shown to have a left-hemisphere dominance 
(Vallortigara, 2000). Birds in particular have been shown to use their right eye/left 
hemisphere to aid in discriminating visual stimuli, while the left eye/right hemisphere is 
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more involved in predator detection (chickens: Daisley, Mascalzoni, Rosa-Salva, Rugani, 
& Regolin, 2008; quails: Valenti, Sovrano, Zucca, & Vallortigara, 2003; zebra finches: 
Alonso, 1998; corvids: Clayton & Krebs, 1994; and pigeons: Güntürkün & Kesch, 1987; 
von Fersen & Güntürkün, 1990). It seems that the left hemisphere is more involved in 
identifying local features, uses category-based discrimination, and appears to be where 
task contingencies are stored, while the right hemisphere relies on configuration and 
exemplar-based discrimination (Vallortigara & Andrew, 1994; Yamazaki, Aust, Huber, 
Hausmann, & Güntürkün, 2007). In birds, these hemispheric asymmetries occur because 
embryos receive asymmetrical light stimulation during ontogeny, which causes left-
dominant asymmetrical projections along the tectofugal pathway to be strengthened 
(Manns & Ströckens, 2014).  
  5.1.3. Anatomy and function of the mesopallium ventrolaterale 
(MVL) 
We decided to record neural activity from the mesopallium ventrolaterale (MVL) as 
well as NCL and ENTO in the current study. MVL is one of four higher-order visual 
association areas that receives topographically organised projections from ENTO (see 
Figure 5-1; Ahumada-Galleguillos, Fernández, Marin, Letelier, & Mpodozis, 2015; 
Krützfeldt & Wild, 2005; Stacho et al., 2016). Located in the external layer of the 
mesopallium ventral (MV), the MVL is comprised of densely packed cells, which tend to 





Figure 5-1: The visual association areas of the tectofugal pathway. 
The tectofugal pathway runs from the retina to the entopallium. The entopallium then 
further projects to four higher-order visual association areas: the nidopallium 
frontolaterale (NFL), the mesopallium ventrolaterale (MVL), area temporo-parieto-




In terms of function, the MVL has been compared to primate visual extrastriate cortex 
areas such as V2 and V4, as it is involved in the combined processing of form, colour, 
and motion (Stacho et al., 2016). A few recent studies have examined the role of MVL 
and other higher-order visual association areas in avian cognition. Koenen et al. (2016) 
recorded neural activity from another higher-order visual association area, the 
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nidopallium frontolaterale (NFL), while allowing birds to passively view and categorise 
stimuli that differed in colour, shape, frequency, and amplitude. Koenen et al. (2016) 
found that NFL neurons categorically clustered stimuli based on their features, despite 
the fact that there were no behaviourally defined categories for the birds to learn.  
In a more recent study, Azizi, Pusch, Koenen, Klatt, Bröker, Thiele, Kellermann, 
Güntürkün, and Cheng (2019) employed a similar technique in which pigeons were 
trained to peck pictures of real-world objects to receive reward. While the pictures could 
be divided into animate and inanimate objects, human and non-human objects, and 
artificial and natural stimuli, the birds were not trained to discriminate between the 
stimuli. Azizi et al. (2019) found that MVL neurons discriminated between animate and 
inanimate objects, while ENTO neurons did not, suggesting that MVL encodes more 
information about the visual properties of a stimulus than neurons in ENTO. Furthermore, 
Azizi et al. (2019) argue that MVL neurons are more sensitive to low-level features but 
are also able to distinguish stimuli on a more abstract level than ENTO neurons.  
  5.1.4. Aims and objectives of the study 
The aim of the current study was to investigate how the categories of ‘Picasso’ and 
‘Monet’ are represented in NCL, ENTO, and MVL, and the involvement of these areas 
in the categorisation process. Based on previous categorisation studies outlined in 
sections 1.2.3. and 1.2.6., we expect that NCL will encode categorical information based 
on similar stimulus-reward associations (or rather in the case of the current study, 
category-reward associations), while ENTO will encode category-specific information 
based on visual information i.e. the visual properties of the stimuli within a category. On 
the basis of the few studies examining the neural activity of higher-order visual 
association areas outlined in the previous section, we expect that MVL will encode 
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categorical information in a similar yet more complex manner than in ENTO. In the 
current study we will also explore hemispheric differences by recording from both the 
left and right hemispheres in each of NCL, ENTO, and MVL. 
 
5.2. Materials and Methods 
  5.2.1. Subjects 
The subjects were eight experimentally naïve adult homing pigeons (Columba livia), 
and four experimentally sophisticated adult homing pigeons (Columba livia). Birds that 
were experimentally sophisticated had previously served in various studies, including a 
delayed matching-to-sample task, a serial-order task, and a magnetic study.  
  5.2.2. Apparatus and stimuli 
The Perspex panel that was situated in front of the monitor had six square holes 
measuring 60 x 60 mm, arranged in a two (row) by three (column) grid. The holes were 
65 mm apart, from centre to centre. Stimuli were presented in the top-middle square only 
and appeared against the white background of the monitor. There was a total of 14 
different stimuli, 7 of which were Monet paintings, and 7 which were Picasso paintings. 
All of the paintings used were taken from the list of paintings used in the behavioural 
study by Watanabe et al. (1995; Monet paintings: ‘Garden at Sainte-Adresse’, ‘The 
Dinner’, ‘Camille Monet and a Child in the Artist’s Garden in Argenteuil’, ‘Field of 
Poppies’, ‘Boulevard of Capucines’, ‘Still Life with Pears and Grapes’, ‘Poplars at 
Giverny’; Picasso paintings: ‘The Young Ladies of Avignon’, ‘Man with a Violin’, 
‘Guitar, Bottle and Fruit Bowl’, ‘Artist and his Model’, ‘Bather with Beach Ball’, ‘Jug, 
Candle and Enamel Pan’, ‘The Women of Algiers’). The paintings were in black and 
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white and had been cropped from one corner so as to best preserve the essence of the 
original painting. Images were then resized to 100 x 100 pixels. 
  5.2.3. Behavioural task 
The birds were trained and tested on an S+/S- discrimination task. Half of the birds 
were trained to peck at Picasso paintings (Picasso S+ group: B2, B10, B5, C8, D10, and 
D11) and the other half were trained to peck at Monet paintings (Monet S+ group: B9, 
B11, C3, C4, D12, and D14). Naïve and experienced birds were balanced across the 
groups. Depending on which S+ group the birds were assigned to, paintings from the non-
S+ artist served as that birds’ S- stimuli. That is, Picasso S+ birds were also Monet S-, 
and Monet S+ birds were also Picasso S-.  
Figure 5-2 shows the sequence of events on both S+ and S- trials. Trials began with an 
intertrial interval (ITI) that lasted 5000 ms. At the end of the 5000 ms period, a ‘ready’ 
stimulus consisting of a small black dot appeared on the screen. This ready stimulus 
would remain on the screen until the bird pecked it three times. After the third peck to the 
ready stimulus, the dot disappeared, and a pause period began in which nothing was 
displayed on the screen. The pause period required birds to refrain from pecking for 1000 
ms in order to continue with the trial; pecks before the 1000 ms pause period elapsed reset 









Figure 5-2: The behavioural task. 
The sequence of events during an S+ trial (A) and an S- trial (B). Both trials began with a 5000 ms intertrial interval (ITI), followed by the ready 
period in which a black dot appeared on the screen. After pecking the dot three times, the pause period was initiated in which the birds were required 
to refrain from pecking for at least 1000 ms. Following the pause period, one of the 14 painting stimuli appeared for a minimum of 5000 ms, during 
which time pecks were recorded. If an S+ stimulus was displayed, the birds were rewarded following the first peck after 5000 ms, and the stimulus 
turned off. If an S- stimulus was displayed, they were required to wait 5000 ms until the stimulus disappeared automatically and were not rewarded. 




Once the pause period ended, one of the fourteen stimuli would appear for at least 
5000 ms. If the stimulus was the S+, the first peck after 5000 ms would result in 2000 ms 
access to a wheat reward delivered via an illuminated hopper. If the stimulus was S-, then 
the stimulus would automatically disappear after 5000 ms, followed by a 2000 ms period 
designed to match the length of the reward periods on S+ trials, but without food. Pecks 
to the S+ and S- stimuli during the 5000 ms stimulus period were recorded. After the 
reward period on S+ trials and the matching period on S- trials, the ITI of the next trial 
began. Within a session, the seven S+ and seven S- stimuli were randomly presented ten 
times each, resulting in a total of 140 trials per session. At the completion of each session, 
behavioural performance was measured using a discrimination ratio (DR), calculated by 
dividing the number of pecks to all seven S+ stimuli by the total number of pecks to both 
S+ and S- stimuli. 
  5.2.4. Surgery 
The birds underwent microdrive surgery after they had reached a DR of at least 0.85 
for two consecutive days. Four pigeons had electrodes inserted into the NCL (B2, B9, C3, 
and C8), four pigeons had electrodes inserted into the ENTO (B5, B10, B11, and C4), 
and four pigeons had electrodes inserted into the MVL (D10, D11, D12, D14). For each 
of these regions, two birds were Monet S+ and two were Picasso S+, and two of the birds 
(one Monet S+ and one Picasso S+) had microdrives installed in the left hemisphere of 
these regions, and the other two birds had microdrives installed in the right hemisphere. 
For the MVL birds, the electrodes were positioned at AP +10.5, ML ± 6.0, DV = 0.5. 




  5.3.1. Histology 
All electrode tracks were within the targeted regions as defined by Karten and Hodos 






Figure 5-3: The electrode track reconstruction.  
(A) NCL. Solid red line – C3; dashed red line – B2; solid blue line – B9; dashed blue 
line – C8. (B) ENTO. Solid red line – C4; dashed red line – B10; solid blue line – 
B11; dashed blue line – B5. (C) MVL. Solid red line – D12; dashed red line – D10; 
solid blue line – D14; dashed blue line – D11. Brain regions (as defined by Reiner et 
al., 2004): A, arcopallium; CDL, area corticoidea dorsolateralis; DA, tractus dorso-
arcopallialis; E, entopallium; HA, hyperpallium apicale; HD, hyperpallium 
densocellulare; GP, globus pallidus; M, mesopallium; MV, mesopallium ventrale; 
MVL, mesopallium ventrolaterale; N, nidopallium; NCL, nidopallium caudolaterale; 
Rt, nucleus rotundus; StM, striatum mediale; TeO, tectum opticum. 
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For NCL, the intended track positions were AP +5.5 and ML ±7.5. The track positions 
for the two left hemisphere birds (B2 and C3) were AP +6.5, ML +7.5, and AP +6.0, ML 
+7.5, differing from the intended AP position by 1.0mm and 0.5mm, respectively. The 
track position for one of the right hemisphere birds (B9) was as intended at AP +5.5, ML 
-7.5, while the other bird (C8) was AP +5.25, ML -8.0, differing from the intended AP 
by 0.25mm and the intended ML by 0.5mm. 
For ENTO, the intended track positions were AP +9.5 and ML ± 6.0. The track 
positions for the two left hemisphere birds (B10 and C4) were AP +9.0, ML +6.0, 
differing from the intended AP position by 0.5mm, and AP +9.5, ML +7.0, differing from 
the intended ML position by 1.0mm, respectively. The track position for one of the right 
hemisphere birds (B5) was as intended at AP +9.5, ML -6.0, while the other bird (B11) 
was AP +9.0, ML -6.0, differing from the intended AP position by 0.5mm. 
For MVL, the intended track positions were AP +10.5 and ML ± 6.0. The track 
positions for the left hemisphere birds (D10 and D12) were AP +10.5, ML +7.0, differing 
from the intended ML position by 1.0mm, and AP +10.75, ML +7.0, differing from the 
intended AP position by 0.25mm and the intended ML position by 1.0mm, respectively. 
The track positions for the two right hemisphere birds (D11 and D14) were both AP 
+10.25, ML -5.5, differing from the intended AP position by 0.25mm and the intended 
ML position by 0.5mm. 
  5.3.2. Behavioural performance 
The behavioural performance across all recording sessions of both Monet S+ and 
Picasso S+ birds, depending on the region they were implanted in, is shown in Figure 5-
4. All birds discriminated between paintings of the two artists significantly above chance 
levels. To see if there was any difference in performance between Monet S+ and Picasso 
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S+ birds, as well as any difference between regions, we used a two-way ANOVA with 
group (Picasso S+ and Monet S+) and region (NCL, ENTO, and MVL) as factors. There 
was no significant effect of region or group on behavioural performance, nor an 
interaction effect between the two factors, all Fs < 1.96, all ps > 0.22. 
 
 
Figure 5-4: Behavioural performance. 
Overall behavioural performance on the S+/S- discrimination, as indicated by the 
discrimination ratio. The dashed line denotes chance performance (0.5), and error bars 
are ±1 SEM. M+, Monet S+; P+, Picasso S+.  
 
 
  5.3.3. Neural filtering for visually responsive cells 
Our analysis for determining whether a neuron was visually responsive in the current 
study differs slightly form the methods outlined in Chapter 2. First, the two-way repeated-
measures ANOVA uses a 300 ms ITI period taken from the middle of the ITI rather than 
the middle 5s of the ITI. Secondly, the 300 ms ITI period is then compared to a 300 ms 
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‘stimulus first’ period. In the current study, we use the start of the stimulus period as 
opposed to the end as on S- trials we cannot determine whether a bird is still looking at 
the stimulus at the end of the 5000ms period.  
Thirdly, we had to use individualised 300 ms stimulus periods for each bird. Although 
only the first peck to S+ stimuli after 5000 ms results in reward, all birds pecked S+ 
stimuli during the 5000 ms period. However, the latency to the first peck during the 
stimulus period varied for each bird, from approximately 300 ms to up to 1000 ms. To 
better capture the stimulus period for each bird, we decided to calculate the minimum 
average latency to the first peck to S+ stimuli during the 5000 ms period to use for further 
analysis. On each session that a visually responsive cell was found using the default 300 
ms period, the median latency for each of the seven S+ stimuli was calculated, and then 
these medians were averaged across all S+ stimuli for that session. The minimum of these 
latencies across all sessions was rounded down to the nearest 50 ms, calculated for each 
bird separately. For one bird (B5), the latency remained as 300 ms; for two birds (B11 
and C8) the new latency was 350 ms; for five birds (B2, B3, B9, D11, and D14) the new 
latency was 400 ms; for two birds (B10 and D12) the new latency was 450 ms; for one 
bird (D10) the new latency was 500 ms; and for the final bird (C4) the new latency was 
550 ms. We then re-analysed all cells using the same ANOVA for determining if a cell 
was visually responsive, but with the new stimulus period lengths for each bird (stimulus 
periods now varied from +100 ms to +400-650 ms depending on the bird), in case the 
new stimulus period lengths caused any cells to no longer be classed as visually 
responsive or if there were cells that were previously not classed as visually responsive 
with the original 300 ms period. The cells that were labelled as being visually responsive 
from this second round of analysis were the neurons used in the final analyses. 
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  5.3.4. Data analysis 
After filtering for visually responsive cells using the new latencies for each bird, a total 
of 243 neurons were used for data analysis, 71 from NCL, 84 from ENTO, and 88 from 
MVL. Of the 71 visually responsive NCL neurons, 59 neurons (83.1%) were classed as 
excitatory while the remaining 12 neurons (16.9%) were inhibitory. Of the 84 ENTO 
neurons, 80 (95.2%) were classified as excitatory and the remaining 4 neurons (4.8%) 
were inhibitory. Of the 88 MVL neurons, 77 (87.5%) were excitatory and 11 (12.5%) 
were inhibitory. Due to the extremely low numbers of inhibitory neurons across all three 
areas, we restricted all subsequent analyses to just the excitatory neurons. 
  5.3.5. Population profiles 
We constructed population profiles of the excitatory neurons for each bird by 
averaging across all S+ stimuli and across all S- stimuli for each neuron. To see if there 
was any difference in neural activity to the Picasso and Monet painting categories, we 
used a two-way repeated-measures ANOVA with S+S- (S+ stimuli vs S- stimuli) and bin 
(6 bins for each of the periods; the middle 300 ms of the ITI, the last 300 ms before the 
first ready peck, the middle 300 ms of the pause period, the last 300ms of each bird’s 
specific stimulus period, and the middle 300 ms of the reward period, respectively) as 
within-subjects factors (Greenhouse-Geisser corrected). We used Keppel’s (1982) 
modified Bonferroni correction (p < 0.02), which was calculated on the basis of ten 
comparisons (five ANOVAs for each of the five periods: ITI, ready, pause, sample, and 
reward; for both S+ and S- stimuli). The population profiles are discussed in further detail 
in the following sections for each region. Note that we do not report results for any main 
effects of bin, as any significant value just reflects variations in the firing rates from one 
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bin to the next, and is generally not of interest, but we do report interaction effects 
between S+S- and bin. 
The population profile for NCL is shown in Figure 5-5a. There was no significant main 
effect of S+S− in any of the five periods, all Fs < 4.90, all ps > 0.031. There was a 
significant interaction effect between S+S− and bin in the reward period, F(5,290) = 4.39, 
p = 0.004, with activity on S+ trials increasing across the period, but not on S− trials. 
There was no interaction effect in the other four periods, all Fs < 1.54, all ps > 0.19. 
The population profile for ENTO is shown in Fig. 5-5b. There was no significant main 
effect of S+S− in the ITI, ready, pause, or reward periods, all Fs < 4.73, all ps > 0.033. 
However, there was a significant main effect of S+S− in the stimulus period, 
F(1,79) = 47.94, p < 0.001, with activity to S+ stimuli being significantly greater than 
activity to S− stimuli. Finally, there was a significant interaction effect between S+S− 
and bin in the stimulus period, F(5,395) = 4.43, p = 0.001, with activity on S− trials 
decreasing across the period more rapidly than S+ trials. There was no interaction effect 
in the other four periods, all Fs < 2.39, all ps > 0.042. 
The population profile for MVL is shown in Figure 5-5c. There was no significant 
main effect of S+S- in the ITI, ready, pause, or reward periods, all Fs < 0.39, all ps > 0.53. 
However, there was a significant main effect of S+S- in the stimulus period, F(1,76) = 
33.51, p < 0.001, with significantly greater activity to S+ stimuli than S- stimuli. Finally, 
there was a significant interaction effect between S+S- and bin in the stimulus period, 
F(5,380) = 3.29, p = 0.016, with activity on S- trials decreasing across the period but not 
on S+ trials. There was no interaction effect in the other four periods, all Fs < 2.26, all ps 




Figure 5-5: Overall population profiles. 
The overall population profiles for (A) NCL, (B) ENTO, and (C) MVL. Neuronal data 
was normalised against the maximum firing rate during the ITI, and bin width is 50 
ms. Vertical lines separate the different periods of the task. Shaded bands represent 
±1 SEM. Black asterisks indicate a significant main effect of S+S-, and red asterisks 
represent a significant interaction effect between S+S- and bin. ITI, intertrial interval. 




  5.3.6. Hemispheric differences 
As a further analysis, we examined whether there were any hemispheric differences in 
firing patterns within each region. We used a three-way repeated-measures ANOVA with 
S+S- (S+ stimuli vs S- stimuli) and bin (6 bins for each of the periods; the middle 300 ms 
of the ITI, the last 300 ms before the first ready peck, the middle 300 ms of the pause 
period, the last 300 ms of each birds’ specific stimulus period, and the middle 300 ms of 
the reward period, respectively) as within-subjects factors, and hemisphere (left vs right) 
as a between-subjects factor (Greenhouse-Geisser corrected). We used the same Keppel’s 
(1982) modified Bonferroni correction (p < 0.02) as in the earlier overall analyses. Again, 
we do not report results for any main effects of bin, nor any interaction effects between 
bin and S+S-, as these interactions are identical to those reported from the overall 
analyses.  
The hemispheric population profiles for left and right NCL are shown in Figure 5-6a 
and 5-6b, respectively. There was no significant main effect of S+S− in any of the five 
periods, all Fs < 5.24, all ps > 0.026, nor a significant main effect of hemisphere in any of 
the five periods, all Fs < 3.29, all ps > 0.075. However, there was a significant interaction 
effect between S+S− and hemisphere in the reward period, F(1,57) = 10.67, p = 0.002, but 
not in any of the other four periods, all Fs < 4.29, all ps > 0.043. To further understand 
the interaction effect found in the reward period, we used paired t-tests to see whether 
there was any difference between S+ and S− trials in each hemisphere. In the left 
hemisphere, there was a significant difference between S+ and S− trials, with greater 
activity to S+ over S− trials, t(28) = 3.22, p = 0.003. In the right hemisphere, there was no 
difference between S+ and S− trials, t(29) = 1.13, p = 0.27. Finally, there was no 
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interaction effect between bin, S+S−, and hemisphere in any of the five periods, all 
Fs < 2.88, all ps > 0.021. 
 
 
Figure 5-6: Hemispheric population profiles. 
The population profiles for left (A) and right (B) hemisphere NCL, left (C) and right 
(D) hemisphere ENTO, and left (E) and right (F) hemisphere MVL. Neuronal data 
was normalised against the maximum firing rate during the ITI, and bin width is 50 
ms. Vertical lines separate the different periods of the task. Shaded bands represent 
±1 SEM. ITI, intertrial interval. Black asterisks represent significant S+S- differences 
that are the same across hemispheres, purple asterisks represent significant S+S- 





The hemispheric population profiles for left and right ENTO are shown in Figure 5-6c 
and 5-6d, respectively. There was a significant main effect of S+S− in the stimulus period, 
F(1,78) = 49.84, p < 0.001, but not in any of the other four periods, all Fs < 2.59, all 
ps > 0.11. There was a significant main effect of hemisphere in the ITI, F(1,78) = 10.16, 
p = 0.002, and ready period, F(1,78) = 9.99, p = 0.002, but not in the other three periods, 
all Fs < 2.35, all ps > 0.13. Finally, there was a significant interaction effect between 
S+S− and hemisphere in the stimulus period, F(1,78) = 12.35, p = 0.001, and the reward 
period, F(1,78) = 5.77, p = 0.019, but not in the other three periods, all Fs < 0.65, all 
ps > 0.42. To further understand the interaction effect found in the stimulus and reward 
periods, we used paired t-tests to see whether there was any difference between S+ and 
S− trials in each hemisphere. In the left hemisphere, there was a significant difference 
between S+ and S− trials in the stimulus period, t(38) = 9.52, p < 0.001, and in the reward 
period, t(38) = 2.98, p = 0.005, with greater activity to S+ over S− trials in both periods. 
In the right hemisphere, there was no significant difference between S+ and S− trials 
during either period, both ts < 2.16, both ps > 0.037. Finally, there was no interaction 
effect between bin, S+S−, and hemisphere in any of the five periods, all Fs < 1.97, all 
ps > 0.091.  
The hemispheric population profiles for left and right MVL are shown in Figure 5-6e 
and 5-6f, respectively. There was a significant main effect of S+S- in the stimulus period, 
F(1,75) = 44.87, p < 0.001, but not in any of the other five periods, all Fs < 0.69, all ps > 
0.41. There was no main effect of hemisphere in any of the five periods, all Fs < 2.00, all 
ps > 0.16. There was also no significant interaction effect between S+S- and hemisphere 
in any of the five periods, all Fs < 3.05, all ps > 0.085. Finally, there was no interaction 
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  5.4.1. Summary of findings 
We analysed a total of 243 visually responsive neurons, 71 from NCL, 84 from ENTO, 
and 88 from MVL. In each of these areas, the majority of neurons were excitatory (83.1%, 
95.2%, and 87.5% of neurons in NCL, ENTO, and MVL, respectively). These excitatory 
neurons were further analysed using a two-way repeated-measures ANOVA 
(Greenhouse-Geisser corrected) to see whether neural activity differed between S+ and 
S- stimuli within each task period. In NCL, we found that overall activity to S+ and S- 
stimuli did not differ within any period. In ENTO and MVL, we found that overall activity 
to S+ and S- stimuli only differed within the stimulus period, in which activity to S+ 
stimuli was greater than activity to S- stimuli.  
  5.4.2. Categorisation based on reward outcomes in NCL 
We predicted that the NCL would encode categorical information based on 
behavioural outcomes such as reward. Interestingly, we found that the overall population 
of NCL neurons did not distinguish between Picasso and Monet paintings in any period. 
However, when hemisphere was added as a factor to the analyses, we found differences 
in activity to S+ and S- stimuli during the reward period. Left hemisphere neurons showed 
greater activity during S+ trials than during S- trials, but right hemisphere neurons fired 
equally to S+ and S- trials. Like with visual memory, pigeons have been shown to have a 
left-hemisphere dominance during simple reward-related discriminations (Güntürkün, 
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Diekamp, Manns, Nottelmann, Prior, Schwarz, & Skiba, 2000; Güntürkün & Kesch, 
1987). In fact, the left hemisphere appears to be specialised for discriminating important 
learned stimuli (such as food) from distractor stimuli (such as pebbles or grit), while the 
right hemisphere is more easily distracted by novel stimuli (Rogers, 2008; Yamazaki et 
al., 2007). Note that for half the birds, the S+ stimuli were Picasso paintings and for the 
other half they were Monet paintings, indicating that the increased activity towards S+ 
stimuli was not solely based on stimulus properties (e.g. all Picasso paintings are more 
interesting than all Monet paintings), but also on which paintings were part of the 
rewarded category (S+ stimuli vs. S- stimuli). We have previously shown that reward-
based coding is more dominant in NCL, and that when there is the opportunity to code 
information in this way (due to differential reward outcomes), NCL neurons more or less 
default to reward coding over stimulus coding (Johnston et al, 2017a; 2017b). Therefore, 
as in Kirsch et al. (2009), NCL neurons are likely categorising information based on 
stimulus-reward associations, rather than the visual properties of the stimuli in each 
category.   
  5.4.3. Categorisation based on visual properties in ENTO 
We predicted that ENTO would encode categorical information based on category-
specific information, that is, visual differences between Monet and Picasso paintings. We 
found that the overall population of ENTO neurons only distinguished between the two 
categories of paintings in the stimulus period, with neural activity being significantly 
more excitatory towards S+ stimuli than S- stimuli. The difference in activity in the 
stimulus period suggests that ENTO can distinguish between the two categories of 
paintings, likely based on differences in the visual properties of the paintings. The idea 
that ENTO is an area which processes stimulus information over reward information is 
114 
 
consistent with the findings of many other studies (Johnston et al., 2017a; Watanabe, 
1991; 1992). Furthermore, we also found a significant difference between S+ and S- trials 
in both the stimulus and reward periods when hemisphere was added as a factor to the 
analyses. In both the stimulus and reward periods, left hemisphere neurons showed 
greater activity during S+ than S- trials, while right hemisphere neurons fired equally to 
S+ and S- trials. A left-hemisphere dominance for visual categorisation in birds has been 
well-established (Vallortigara, 2000; Vallortigara & Andrew, 1994; Yamazaki et al., 
2007), but ENTO has also been shown to have a stronger left hemisphere dominance in a 
colour discrimination task when differential reward outcomes were strengthened 
(Verhaal, Kirsch, Vlachos, Manns, & Güntürkün, 2012). Reward processing in a visual 
area is not unprecedented; while visual areas such as ENTO may primarily process 
visual/stimulus information, both ENTO and other visual areas such as the Wulst have 
been shown to be modulated by reward information (Anderson, Johnston, Marrs, Porter, 
& Colombo, 2020; Johnston et al., 2017a). Due to the nature of the S+/S- discrimination 
task, reward is intrinsically tied to stimulus information, causing both types of 
information to be useful in distinguishing between the two categories. Therefore, ENTO 
neurons appear to encode categorical information based on category-specific information, 
but that this category-specific information is not limited to visual information. 
  5.4.4. Categorisation based on visual properties in MVL 
Finally, we predicted that MVL would encode categorical information in a similar yet 
more complex manner than in ENTO. Like in ENTO, we found that the overall population 
of MVL neurons only distinguished between the two categories of paintings in the 
stimulus period, with neural activity being significantly more excitatory towards S+ 
stimuli than S- stimuli. Similarly, we argue that MVL also encodes categorical 
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information based on category-specific information. Based on overall population profiles, 
there is little that would distinguish the coding properties of MVL from the coding 
properties of ENTO. Interestingly, MVL was the only area that did not display a left-
hemisphere dominance; both hemispheres displayed a significant difference in activity 
during the stimulus period, with greater activity to S+ stimuli over S- stimuli. A lack of 
left hemisphere lateralisation in MVL has been previously noted by Stacho et al. (2016), 
in which both hemispheres were equally activated by form, colour, and motion. Also, 
unlike ENTO, MVL did not display any differences in activity during the reward period. 
Perhaps the fact that significant categorical processing only occurs in the stimulus period 
for both hemispheres indicates a stronger ability for MVL to categorise based on visual 
properties than in ENTO. MVL has been shown to be sensitive to visual features of 
stimuli and intrinsically categorise information based on those features (Azizi et al., 2019; 
Koenen et al., 2016). On the other hand, ENTO has been shown to be specifically 
involved in forming new categories (Watanabe, 1991; 1992; 1996), which in an S+/S- 
discrimination task would be greatly facilitated by incorporating reward information. 
ENTO lesions also cause deficits in pseudo-categorisation tasks (Watanabe, 1991), in 
which categorisation would rely heavily on identifying individual stimuli rather than 
viewing all stimuli in one category as the same. It is possible that higher-order visual 
association areas like MVL only use stimulus information to categorise objects, compared 
to ENTO which perhaps incorporates some reward information as well. While we do not 
directly compare the three areas to one another, our results indicate that all three areas 
appear to be involved in similar yet distinct steps of the categorisation process. ENTO 
has reciprocal projections with both NCL (Kröner & Güntürkün, 1999) and MVL 
(Krutzfeldt & Wild, 2005), and therefore it is likely that reward-related information about 
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the categories is shared between NCL and ENTO, and stimulus-related information about 
the categories is shared between MVL and ENTO.  
  5.4.5. Limitations of the study 
It should be noted that while our results indicate a strong left hemisphere dominance 
for categorisation in both NCL and ENTO, these results should be considered as being 
preliminary in nature. Due to the small number of subjects, the number of neurons from 
each hemisphere are relatively small and may not represent the population as a whole. 
The small number of neurons in each hemisphere may be why we have found no 
hemispheric differences in MVL, and with larger number of neurons, hemispheric 
differences may emerge. Furthermore, due to the limits of single-unit electrophysiology, 
we are unable to compare neurons from both hemispheres within individual subjects, 
which may mean that there is a degree of individual variability within these results. 
However, the fact that we find such strong differences in NCL and ENTO when directly 
comparing hemispheres should not be discounted, especially considering previous 
literature which clearly shows that categorisation is lateralised to the left hemisphere in 
birds. 
Another limitation of the current study was the use of differential reward outcomes. 
As previously mentioned, due to the nature of the S+/S- discrimination task, reward is 
intrinsically tied to stimulus information. That is, for birds who were Monet S+, Monet 
paintings were the only stimuli that were rewarded, and for Picasso S+ birds, Picasso 
paintings were the only stimuli that were rewarded. Therefore, it could be that the 
difference in activity on S+ and S- trials during the stimulus period could be a reflection 
of reward anticipation, rather than differences in visual properties. Indeed, in left ENTO, 
we found a significant difference between S+ and S- trials in both the stimulus period, 
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which then appears to continue through to the reward period. Conversely, in MVL, 
differences in activity to S+ and S- stimuli in the stimulus period does not continue 
through the reward period; instead, activity on both trial types decreases suddenly to the 
same level, and thus seems less likely to be due to reward anticipation. Although it is 
ambiguous whether differences in activity to S+ and S- stimuli reflects categorisation 
based on stimulus properties or reward in ENTO, we argue that the most likely possibility 
is that ENTO neurons incorporate both types of information during categorisation. 
In conclusion, our results indicate that ENTO and MVL neurons primarily use stimulus 
information to discriminate between Monet and Picasso paintings, while NCL neurons 
are likely using reward information to drive this discrimination. However, ENTO is also 
able to incorporate reward information to help discriminate two categories. On a 
hemispheric level, we found preliminary evidence that ENTO and NCL show a strong 
left-hemisphere dominance, in that left hemisphere neurons categorise Monet and Picasso 
paintings more strongly than right hemisphere neurons. In MVL, we did not find any 
hemispheric asymmetries in categorising paintings, which may reflect more complex 
visual categorisation occurring in high-order visual areas. Overall, it is apparent that both 
visual and working memory areas of the pigeon brain are involved in the categorisation 
of Picasso and Monet paintings. 
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CHAPTER 6 | 
EXAMINING RELEVANT AND 




In this Chapter, the third of four categorisation studies will be presented, in which birds 
are trained to discriminate between two categories of complex ‘exemplars. Each exemplar 
from each category is made up of four smaller stimuli, two of which are always unique 
to the category, and two which are shared between the categories (fixed features). In the 
previous study, one of the main pitfalls of the S+/S- paradigm was that the categories 
were associated with differential reward outcomes, in which one set of paintings was 
always rewarded, and the other set not (see section 5.4.5.). These differential rewards 
made it difficult to parse whether differences in neural activity were representative of 
categorisation, or simply reward anticipation. In order to rectify this limitation, we used 
a simultaneous matching-to-category (SMC) paradigm. In the SMC task, birds were 
trained to peck one of two pattern stimuli mapped onto the category that the shown 
exemplar belonged to and were awarded the same reward for correct responses to both 
categories. For the current study, we used single-unit electrophysiology to record neural 
activity in NCL and ENTO during the fixed features SMC task. Note that for the current 




  6.1.1. Attention to features during categorisation 
Categorisation requires an individual to attend to the features of a stimulus that signal 
that it belongs to a certain category (relevant features) while ignoring the stimulus features 
that are shared between multiple categories (irrelevant features; Castro & Wasserman, 
2014). For example, both apples and oranges have a round shape, which is not useful in 
distinguishing between the two categories. However, apples tend to have a red or green 
colour, a feature which is different to oranges. Thus, children learn to attend to the colour 
of the fruit and ignore the shape when discriminating between apples and oranges. 
An important aspect of learning which features are relevant and irrelevant to a category 
is the amount of attention directed towards these features. As Lawrence (1949) posited, 
attention is likely to be distributed evenly between all features at the start of learning as 
the individual has not yet learned which features are relevant or irrelevant to the category. 
However, as learning progresses, error feedback shapes an individual’s behaviour and 
attention, with attention to relevant features increasing and attention to irrelevant features 
decreasing. In humans, a change in attention to relevant and irrelevant features has been 
measured through eye-tracking (Blair, Watson, Walshe, & Maj, 2009; Rehder & 
Hoffman, 2005) and event-related potentials during prediction errors (Wills, Lavric, 
Croft, & Hodgson, 2007). In animals, eye-tracking has been more difficult to implement 
as a means of measuring attention to stimulus features, although some eye-tracking 
studies have been done with primates (see Awh, Armstrong, & Moore, 2006). Studies 
using non-primates have used other techniques to assess selective attention, such as 
applying a generalised context model (GCM) in rats (Broschard, Kim, Love, Wasserman, 
& Freeman, 2019), and the “Bubbles” technique in pigeons (Gibson, Wasserman, 
120 
 
Gosselin, & Schyns, 2005). Peck rates in pigeons have also been used as a measure of 
attention, with higher pecks rates being associated with more attention (Pearce, Esber, 
George, & Haselgrove, 2008). More recently however, peck tracking in pigeons has been 
adopted as a more robust method for assessing selective attention in pigeons, that is, the 
actual locations of pigeons’ pecks (see Dittrich, Rose, Buschmann, Bourdonnais, & 
Güntürkün, 2010). 
  6.1.2. Tracking pecks to relevant and irrelevant features 
Castro and Wasserman (2014) tracked pigeons’ pecks during a complex categorisation 
task, in which exemplars from two categories were made up of four smaller stimuli, two 
of which were unique to each category (relevant features) and two that were shared 
between both categories (irrelevant features). One group of birds were trained with only 
two irrelevant features, in that both irrelevant features were always presented in the 
category exemplars (Fixed Irrelevant group; FI). Another group were trained with eight 
different irrelevant features, in that when category exemplars were presented, two of the 
eight irrelevant features would be randomly presented in the exemplars (Variable 
Irrelevant group; VI). Each category was associated with a particular response key, and 
birds were able to peck any of the four smaller stimuli that comprised the overall exemplar 
between 5 and 15 times before selecting which category an exemplar belonged to. Birds 
alternated between training and testing sessions, with only difference between session 
being that birds were always rewarded for their responses on testing sessions, regardless 
of whether the response was correct or incorrect. 
Castro and Wasserman (2014) found that both groups reached 85% accuracy on two 
consecutive days after an average of 30 days, with the FI group learning the task slightly 
quicker than the VI group. In both groups, birds initially distributed their pecks amongst 
121 
 
the four stimuli equally, but by the end of training both groups pecked relevant stimuli 
more often than irrelevant stimuli (Figure 6-1, left). Peck location was also able to predict 
behavioural accuracy, with higher behavioural performance following pecks to relevant 
stimuli, and lower behavioural performance following pecks to irrelevant stimuli (Figure 
6-1, right). Castro and Wasserman (2014) argue that both the change in pecking during 
training and the fact that peck locations were able to predict behavioural accuracy 
demonstrates that peck tracking is a good measure of attention in pigeons, and that 




Figure 6-1: Behavioural data from Castro and Wasserman (2014). 
Left: Average behavioural performance and pecks made to relevant stimuli during 
training, for both Fixed Irrelevant and Variable Irrelevant groups. Right: Average 
behavioural performance during training depending on whether birds pecked relevant 
or irrelevant features, for both groups. All error bars are ±1 SEM.6 
 
6 Copyright © 2014 by American Psychological Association. Reproduced with permission. Castro, L., & 
Wasserman, E. A. (2014). Pigeons’ tracking of relevant attributes in categorisation learning. Journal of 





Further evidence that the birds learned to specifically ignore irrelevant stimuli comes 
from a second experiment, in which the relevant features in each category were replaced 
with novel relevant features. The birds learned the second task more quickly than in the 
first experiment, indicating that birds continued to ignore irrelevant stimuli to solve the 
discrimination. In a third experiment, Castro and Wasserman (2014) reversed the 
associated response keys for each category. They found that the performance of both FI 
and VI birds dropped to chance levels, but that both groups were able to re-learn the task. 
Most interestingly, while FI birds returned to pecking relevant stimuli at a much higher 
rate than irrelevant stimuli, VI birds pecking rate to relevant stimuli did not increase to 
the same rate as in the first experiment. However, VI birds still reached a similar level of 
behavioural accuracy, indicating that while the relevancy of features are the best 
predictors for behavioural accuracy, pecking relevant features is not necessary to solve 
the discrimination. 
  6.1.3. Aims and objectives of the study 
The aim of the current study was to investigate how two categories of complex stimuli 
with varying features are represented in NCL and ENTO, and the involvement of these 
areas in the categorisation process. Again, based on previous categorisation studies 
outlined in sections 1.2.3., 1.2.6., and 5.1.3., we expect that NCL will encode categorical 
information beyond the visual properties of the stimuli, i.e. an amalgamation of both 
behavioural and category-reward associations. On the other hand, we expect that ENTO 
will encode category-specific information based on visual information i.e., the visual 
properties of the stimuli within a category. In the current study we will also explore how 
pigeons attend to both relevant and irrelevant features of stimuli during categorisation, 
and how relevancy is represented neurally. Relevancy appears to be an important tool for 
123 
 
guiding behaviour in Castro and Wasserman (2014), as behavioural accuracy was able to 
be predicted by whether the birds pecked relevant or irrelevant features. Thus, since 
relevancy is linked to guiding behavioural decisions, we expect that NCL will be involved 
in how relevancy is coded neurally. On the other hand, we expect ENTO to be more 
involved at the individual stimulus level, that is, how the visual features of the four 
different stimuli that make up and exemplar are represented neurally.  
We use the same stimuli from the FI group in Castro and Wasserman (2014), as well 
as a non-differential reward paradigm (simultaneous matching-to-category; SMC) similar 
to the one used by Castro and Wasserman (2014), in order to eliminate the possibility that 
the differences in neural activity to the categories is simply a reflection of reward 
anticipation as in the S+/S- paradigm used in Chapter 5. Based on the findings of Castro 
and Wasserman (2014), we also expect that behaviourally, our birds will learn to attend 
to relevant features and ignore irrelevant features during categorisation. 
 
6.2. Materials and Methods 
  6.2.1. Subjects 
The subjects were eight experimentally naïve adult homing pigeons (Columba livia).  
  6.2.2. Apparatus and stimuli 
In front of the monitor was a Perspex panel with one large rectangular hole measuring 
245(w) x 105(h) mm. The whole experimental configuration was displayed within this 
singular hole. We used the same 24 Category A and 24 Category B exemplar stimuli from 
the Fixed Irrelevant Group in Castro and Wasserman (2014). That is, each of the 
exemplars were made up of four features, two of which were common to both categories 
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(irrelevant features: A3, A4, B3, and B4; see Figure 6-2a, bottom row), and two that were 
unique to each category (relevant features: A1, A2, B1, and B2; see Figure 6-2a, top row). 
Individual features could appear in any corner of the exemplar stimulus, meaning there 
was 24 different orientation combinations for Category A and Category B stimuli (48 
exemplars in total). Exemplars were presented in the middle of the rectangular hole 
against a black background. Each of the four features were 20 mm2 and were placed in a 
square formation 55 mm apart from centre to centre. A white line joined the four features 
together. When the choice keys were presented, these keys appeared 50 mm to the right 
and left of the white lines, and the choice keys measured 22(w) x 60(h) mm. One of the 







Figure 6-2: The stimuli used in the experiment.  
Exemplar stimuli (a) from both categories were made up of four features, two 
irrelevant and two relevant. For Category A, the relevant features were the rainbow 
prism (A1) and the polka dots (A2), and for Category B these features were the spiral 
(B1) and the geometric patchwork (B2). Irrelevant features were the star (A3 and B3) 
and the lightning bolt (A4 and B4). Individual features could appear in any corner of 
the exemplar stimulus. Two comparison stimuli (b), the geometric and zebra patterns, 
were mapped onto the two categories. 
 
 
  6.2.3. Behavioural task 
The birds were trained on a simultaneous matching-to-category task. Half of the birds 
were trained to peck the geometric pattern when a Category A exemplar appeared and the 
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zebra pattern when a Category B exemplar appeared (A-Geo group; X3, X4, X33, and 
X36), while the other half were trained with the opposite category-pattern pairings (A-
Zebra group; X7, X12, X13, and D16).  
Figure 6-3 shows the sequence of events of a trial for an A-Geo bird. A trial began 
with a 10 s intertrial interval (ITI), in which nothing appeared on the screen. At the end 
of the ITI, the ready period began, in which a small white dot appeared in the middle of 
the Perspex panel. The birds were required to peck the dot three times to initiate the rest 
of the trial. That is, birds essentially chose when a trial would begin. After three pecks to 
the ready stimulus, a pause period occurred in which nothing appeared on screen, and 
birds had to inhibit responding for 2000 ms. If the birds made any pecks before the end 
of the 2000 ms, the pause period was reset. After a full 2000 ms pause, one of the 48 
exemplars appeared on screen. On half of the trials, a Category A exemplar would appear, 
and on the other half of trials a Category B exemplar would appear. Birds were required 
to peck five times within the bounds of any of the four features. When five pecks occurred, 
the choice keys appeared on either side of the exemplar, one geometric and one zebra 
pattern. The position of the patterns (left or right of the exemplar) was counterbalanced 
across all sessions, so that they appeared on both sides equally on average per session. 
Birds had to peck the choice key that represented the current exemplar’s category to be 
given 3000 ms access to wheat reward via an illuminated hopper. If birds pecked the 
wrong choice key, a 3000 ms timeout period signalled by a 50 Hz tone was initiated in 





Figure 6-3: Behavioural task. 
The sequence of events of Category A and B trials for an A-Geo bird. Trials began with a 10 s ITI, in which nothing was presented on-screen. At the 
end of the ITI, a ready stimulus (dot) appeared. Birds had to peck the ready stimulus three times to initiate the pause period, in which birds had to 
refrain from pecking for 2 s. Any pecks during this period reset the timer. After birds had refrained from pecking for 2 s, one of the 48 exemplar 
stimuli was presented. Birds could peck any of the four features in an exemplar, and after five pecks the choice keys were presented. For A-Geo birds, 
when the exemplar was from Category A (a), correct pecks to the geometric choice key resulted in 3 s access food reward. When the exemplar was 
from Category B (b), correct pecks to the zebra choice key resulted in food reward. If the bird pecked the wrong choice key (c), a 3 s time-out period 




  6.2.4. Surgery 
The birds underwent surgery once they performed at 85% or above for Category A and 
for Category B separately, for two consecutive days. Microdrives were installed that 
housed the electrodes used for neuronal recording. Four pigeons had electrodes inserted 
into the NCL, and four had electrodes inserted into the ENTO. For both regions, two birds 
had learned the A-Zebra category-pattern pairing and had microdrives installed the left 
(X7 and X13) and right (X12 and D16) hemisphere, and two birds had learned the A-Geo 
category-pattern pairing and had microdrives installed in the left (X3 and X4) and right 
(X33 and X36) hemisphere. 
   
6.3. Results 
  6.3.1. Histology 
All electrode tracks were within the targeted regions as defined by Karten and Hodos 





Figure 6-4: The electrode track reconstruction.  
(A) NCL. Solid red line – X3; dashed red line – X7; solid blue line – X33; dashed 
blue line – X12. (B) ENTO. Solid red line – X4; dashed red line – X13; solid blue line 
– X36; dashed blue line – D16. Brain regions (as defined by Reiner et al., 2004): A, 
arcopallium; CDL, area corticoidea dorsolateralis; DA, tractus dorso-arcopallialis; E, 
entopallium; HA, hyperpallium apicale; HD, hyperpallium densocellulare; GP, globus 
pallidus; M, mesopallium; N, nidopallium; NCL, nidopallium caudolaterale; Rt, 
nucleus rotundus; StM, striatum mediale; TeO, tectum opticum. 
  
 
For NCL, the intended track positions were AP +5.5 and ML ±7.5. The track position 
for one of the two left hemisphere birds (X3) was at AP +5.5, ML +8.25, differing from 
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the ML by 0.75mm. The track position for the other left hemisphere bird (X7) was at AP 
+4.75, ML +8.0, differing from the AP by 0.75mm and the ML by 0.5mm. The track 
position for one of the right hemisphere birds (X12) was at AP +5.0, ML -8.25, differing 
from the AP by 0.5mm and the ML by 0.75mm. The track position for the other right 
hemisphere bird (X33) was AP +5.5, ML -8.5, differing only from the ML by 1.0mm. 
For ENTO, the intended track positions were AP +9.5 and ML ± 6.0. The track position 
for one of the two left hemisphere birds (X4) was at AP +9.0, ML +6.25, differing from 
the intended AP by 0.5mm and the ML by 0.25mm. The track position for the other left 
hemisphere bird (X13) was as intended at AP +9.5, ML +6.0. The track position for one 
of the right hemisphere birds (D16) was at AP +9.25, ML -7.0, differing from the AP by 
0.25mm and the ML by 1.0mm. The track position for the other right hemisphere bird 
(X36) was as intended at AP +9.5, ML -6.0. 
  6.3.2. Behavioural performance 
The pigeons took an average of 21.0 (SD = 15.5), 24.1 (SD = 17.9), 31.1 (SD= 25.8), 
and 34.3 (SD = 25.1) days to reach an accuracy of 65%, 75%, 85%, and 85% on two 
consecutive days, respectively. The quickest bird to reach 85% accuracy was X13 with 
just six days of training, while the bird that took the longest to reach 85% accuracy was 
X4 with 85 days of training. Interestingly, the average time taken for birds to learn the 
task was closer to the Variable Irrelevant group from Castro and Wasserman (2014), 
rather than the Fixed Irrelevant group which the current behavioural task is based on. 
On each training session, we recorded the number of pecks birds made to each of the 
four stimuli in Category A and B exemplar, as well as their accuracy in correctly 
categorising A and B exemplars (see Figure 6-5). As each bird took a different number 
of sessions to reach 85% accuracy, similar to Castro and Wasserman (2014), we created 
131 
 
Vincentized learning curves by grouping all of the training sessions into six blocks (as 
six was the smallest number of sessions required to reach 85% accuracy; see Kling & 
Riggs, 1971).  
 
 
Figure 6-5: Proportion of pecks made and accuracy during training. 
A) The average proportion of pecks made to relevant and irrelevant stimuli in both 
categories during training, across all eight birds. AI: A-irrelevant; AR: A-relevant; BI: 
B-irrelevant; BR: B-relevant. The dashed line (0.5) represents an equal number of 
pecks to both irrelevant and relevant stimuli within each category. B) The average 
behavioural accuracy on both Category A and Category B trials, across all eight birds. 
The dashed line (50%) represents chance performance. All error bars are ±1 SEM. 
132 
 
Interestingly, at the start of training, birds made an average of 79.0% of their pecks to 
B-relevant stimuli, while only 21.0% to B-irrelevant stimuli. On the other hand, for 
Category A stimuli, birds pecked both relevant and irrelevant stimuli fairly equally 
(54.0% and 46.0%, respectively). For Category B exemplars, pecks to B-relevant stimuli 
greatly increased (98.4%) and pecks to B-irrelevant stimuli greatly decreased (1.6%) as 
training progressed. However, for Category A exemplars, pecks to A-relevant stimuli 
only slightly increased (66.7%) and pecks to A-irrelevant stimuli only slightly decreased 
(33.3%) as training progressed. Regardless of pecks to A-relevant and irrelevant stimuli 
not diverging to the same extent as B stimuli, the divergence of A stimuli was still above 
chance pecking in block six, t(37) = 5.63, p < 0.001. Furthermore, there was no difference 
in behavioural accuracy between Category A and Category B trials in block six, t(52) = 
1.68, p = 0.1. Differences in pecking between Category A and Category B exemplars will 
be discussed in section 6.4.3. 
The behavioural performance across all testing sessions for all eight birds, depending 





Figure 6-6: Behavioural performance during testing. 
The overall behavioural performance for both NCL and ENTO birds on the 
matching-to-category task. The dashed line represents chance performance (50%). 
Error bars are ±1 SEM. 
 
 
All birds performed significantly above chance levels. To see if there was any 
difference in performance between NCL and ENTO birds, were used a two-way 
ANOVA with area (2: NCL and ENTO) and category (2: A and B) as factors. There 
was no significant main effect of category or area, both Fs < 3.27, both ps > 0.072. 
However, there was a significant interaction effect between category and area, F(1,208) 
= 19.19, p < 0.001. To further understand this interaction, we used paired t-tests 
between the performance on Category A and B trials for both NCL and ENTO birds. 
There was no difference in performance for the two categories for ENTO birds, t(97) = 
1.57, p = 0.12, but for NCL birds, performance was significantly better during Category 
A trials over Category B trials, t(111) = 5.14, p < 0.001. While we are not sure why 
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NCL birds perform better on Category A over Category B trials, importantly, all birds 
performed significantly above chance regardless of area or category, t(419) = 100.18, p 
< 0.001. 
  6.3.3. Neural filtering for visually responsive neurons 
Neurons were filtered based on whether they were visually responsive or not, on three 
different levels of analysis (category, relevance, and stimulus). At the overall category 
level, a neuron was determined as being visually responsive by initially running the two-
way repeated-measures ANOVA outlined in Chapter 2. At the relevance level, we 
grouped the four stimuli that made up the exemplars into pairs based on whether they 
were relevant or irrelevant features. For example, an A-relevant trial was any trial in 
which the bird pecked one of the A-relevant stimuli within the exemplar at least three out 
of the five required times. We then ran the same ANOVA as at the category level except 
using relevance (A-relevant, A-irrelevant, B-relevant, and B-irrelevant) instead of 
category as a factor. At the stimulus level, we separated trials based on each of the four 
stimuli within Category A and Category B exemplars. For example, an A1 trial was any 
trial in which the bird pecked the A1 stimulus (rainbow) at least three out of the five 
required times. Again, we ran the same ANOVA as at the category level except using 
stimulus (1, 2, 3, and 4) instead of category as a factor, for both A and B exemplars. At 
all three levels of analysis, if there were less than 10 trials for any group (e.g. Category 
A, A-relevant, A1 stimulus, etc.), the neuron was not used for analysis. For each neuron, 
we then split the sessions’ data into the different trial types depending on whether we 
were analysing at the category, relevance, or stimulus level (two, four, and two sets of 




  6.3.4. Data analysis 
After filtering for visually responsive neurons at the category level, a total of 114 
neurons were used for data analysis, 53 from NCL and 61 from ENTO. Of the 53 visually 
responsive NCL neurons, 37 neurons (69.8%) were classified as inhibitory while the 
remaining 16 neurons (30.2%) were excitatory. Of the 61 ENTO neurons, 44 (72.1%) 
were classified as excitatory and the remaining 17 neurons (27.9%) were inhibitory.  
After filtering for visually responsive neurons at the relevance level, a total of 33 
neurons were used for data analysis, 22 from NCL and 11 from ENTO. Of the 22 visually 
responsive NCL neurons, 20 (90.9%) were classified as inhibitory, while the remaining 2 
neurons (9.1%) were excitatory. Of the 11 ENTO neurons, 6 (54.5%) were classified as 
excitatory while the remaining 5 (45.5%) were inhibitory. Due to the low numbers of 
excitatory neurons in NCL, and both types in ENTO, subsequent analyses were restricted 
to just NCL inhibitory neurons. 
After filtering for visually responsive neurons at the stimulus level, a total of 26 
neurons were used for data analysis, 23 from NCL and 3 from ENTO. All 23 of the NCL 
neurons were visually responsive to at least one of the four Category A stimuli, and 20 
(87.0%) were classified as inhibitory while the remaining 3 (13.0%) were excitatory. No 
NCL neurons were visually responsive to any of the four Category B stimuli. Of the 3 
visually responsive ENTO neurons, 2 were visually responsive to at least one of the 
Category A stimuli in an excitatory manner, and 1 was visually responsive to at least one 
of the Category B stimuli in an excitatory manner. Due to the low numbers of visually 
responsive neurons in ENTO, and NCL neurons that were excitatory to Category A, we 
restricted subsequent analyses to just NCL neurons that were inhibitory to at least one of 
the Category A stimuli. 
136 
 
  6.3.5. Population profiles 
We constructed population profiles of visually responsive neurons in NCL and ENTO, 
at the category, relevance, and stimulus levels. At the category level, we averaged across 
all Category A trials and across all Category B trials for each neuron. At the relevance 
level, we averaged across all A-relevant, A-irrelevant, B-relevant, and B-irrelevant trials 
for each neuron. At the stimulus level, we averaged across all trials for individual stimuli 
within both categories for each neuron. To see if there was any difference in neural 
activity at the category level, we used a two-way repeated-measures ANOVA with 
category (2: A vs B) and bin (6: for each of the periods; the middle 300 ms of the ITI, the 
300 ms ready period, the middle 300 ms of the pause period, the 300 ms stimulus period, 
the 300 ms choice period, and the middle 300 ms of the reward period, respectively) as 
factors, with repeated measures over category and bins (Greenhouse-Geisser corrected). 
To see if there was any difference in neural activity at the relevance and stimulus levels, 
we used a two-way repeated-measures ANOVA with relevance or stimulus (4: A-
relevant, A-irrelevant, B-relevant, and B-irrelevant; or 4: 1, 2, 3, and 4) and bin (6: the 
same 6 300 ms periods described above) as factors, with repeated measures over 
relevance or stimulus and bin (Greenhouse-Geisser corrected). Note that we do not report 
results for any main effects of bin, as any significant value just reflects variations in the 
firing rates from one bin to the next, and is generally not of interest, but we do report 
interaction effects between category/relevance/stimulus and bin. 
The population profile for excitatory NCL neurons at the category level (CE) is shown 
in Figure 6-7a. There was a significant main effect of category in the stimulus period, 
F(1,15) = 5.51, p = 0.033, with significantly greater activity on Category B trials than on 
Category A trials, but not in the other five periods, all Fs < 3.34, all ps > 0.087. There 
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was no significant interaction effect between category and bin in any of the six periods, 
all Fs < 1.63, all ps > 0.19. 
The population profile for inhibitory NCL neurons at the category level (CI) is shown 
in Figure 6-7b. There was a significant main effect of category in the ready period, 
F(1,36) = 12.44, p = 0.001, and the choice period, F(1,36) = 8.04, p = 0.007, with 
significantly more inhibitory activity on Category B trials than on Category A trials in 
both periods. There was no significant main effect of category in the other four periods, 
all Fs < 3.63, all ps > 0.065. There was a significant interaction effect between category 
and bin in the ready period, F(5,180) = 2.98, p = 0.024, with activity on Category A trials 
decreasing across the period, but activity on Category B trials remaining relatively stable 
across the period, but not in the other five periods, all Fs < 1.03, all ps > 0.38.  
The population profile for inhibitory NCL neurons at the relevance level (RI) is shown 
in Figure 6-7c. There was no significant main effect of relevance in any of the six periods, 
all Fs < 2.69, all ps > 0.065. There was also no significant interaction effect between 
relevance and bin in any of the six periods, all Fs < 2.03, all ps > 0.073. 
The population profile for inhibitory NCL neurons at the stimulus level for Category 
A stimuli (SI) is shown in Figure 6-7d. There was no significant main effect of stimulus 
in any of the six periods, all Fs < 1.08, all ps > 0.36. There was also no significant 








Figure 6-7: The population profiles for NCL neurons. 
The population profiles for NCL neurons at the category level (A-B), the relevance level (C), and the stimulus level for Category A stimuli (D). CE: 
excitatory neurons at the category level; CI: inhibitory neurons at the category level; RI: inhibitory neurons at the relevance level; SI: inhibitory 
neurons at the stimulus level. Neuronal data was normalised against the maximum firing rate during the ITI, and bin width is 50 ms. Vertical lines 
separate the different periods of the task. Shaded bands represent ±1 SEM. ITI, intertrial interval. * p < .05, ** p < .01, *** p < .001.
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The population profile for excitatory ENTO neurons at the category level is shown in 
Figure 6-8a. There was no significant main effect of category in any of the six periods, 
all Fs < 3.93, all ps > 0.054. There was also no significant interaction effect between 
category and bin in any of the six periods, all Fs < 1.64, all ps > 0.16. 
The population profile for inhibitory ENTO neurons at the category level is shown in 
Figure 6-8b. There was no significant main effect of category in any of the six periods, 
all Fs < 2.91, all ps > 0.11. There was also no significant interaction effect between 





Figure 6-8: The population profiles for ENTO neurons. 
The population profiles for ENTO neurons at the category level. CE: excitatory 
neurons at the category level; CI: inhibitory neurons at the category level. Neuronal 
data was normalised against the maximum firing rate during the ITI, and bin width is 
50 ms. Vertical lines separate the different periods of the task. Shaded bands represent 
±1 SEM. ITI, intertrial interval. * p < .05, ** p < .01, *** p < .001. 
 
 
  6.3.6. Categorisation at the single-cell level 
One problem with creating population profiles for neurons in the current study is the 
fact that we only recorded from a small number of neurons, limiting the extent to which 
we can say that the neural activity found is representative of the population. While we 
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have a decent number of neurons at the category level, the number of neurons contributing 
to the population profiles at the relevance and stimulus levels are either very small or non-
existent. The small number of neurons is in part attributed to the fact that we only include 
visually responsive neurons, and at the finer levels like relevance and stimulus, we lack 
enough trials to properly test for visual responsiveness.  
Therefore, we decided to further analyse single neuron activity using data from single 
trials via Bayesian mixed effects modelling. We decided to fit a Bayesian negative 
binomial mixed effects model with random intercepts for each neuron at the relevance 
level (A-relevant vs A-irrelevant vs B-relevant vs B-irrelevant) in order to better 
understand how neurons responded to features that should predict category membership 
and features that do not hold information about category membership. We took the 
average firing rate of neurons on each trial during both the 300 ms stimulus period and 
the 300 ms choice period, for NCL and ENTO neurons separately. Each model was run 
with eight chains and 10,000 iterations, and samples were drawn using No-U-turn 
sampling (NUTS). We were unable to apply Bayesian mixed effects models at the 
stimulus level due to time restrictions. The posterior distribution slopes for each relevance 





Figure 6-9: Posterior distribution slopes for each stimulus condition. 
The posterior distribution slopes of the firing rates for each of the stimulus conditions 
for: A) NCL neurons in the stimulus period; B) NCL neurons in the choice period; C) 
ENTO neurons in the stimulus period; and D) ENTO neurons in the choice period. In 
each plot, the A-relevant condition is used as the reference condition (vertical grey 
lines), and all other conditions are plotted relative to it. For each condition, the circle 
represents the estimated mean firing rate, the dark blue line represents 50% of the 
spread, and the light blue line represents 100% of the spread. 
 
 
For NCL neurons, in the stimulus period, there was a 98.0% decrease in firing rates 
from A-relevant trials to A-irrelevant trials, but a 104.1% increase in firing to both B-
relevant and B-irrelevant trials. However, none of the conditions were significantly 
different from each other in the stimulus period. In the choice period, there was a 97.0% 
decrease in firing rates from A-relevant trials to A-irrelevant trials, and a 102.0% increase 
in firing rates to B-irrelevant trials, although neither of these were significant. 
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Interestingly, there was a 93.2% decrease in firing rates from A-relevant trials to B-
relevant trials, which was significant. 
For ENTO neurons, in the stimulus period, there was a 96.1% decrease in firing rates 
from A-relevant trials to A-irrelevant trials, but a 102.0% increase in firing rates to both 
B-relevant and B-irrelevant trials. However, none of the conditions were significantly 
different from each other in the stimulus period. In the choice period, there was a 99.0% 
decrease in firing rates from A-relevant trials to A-irrelevant trials, and a 101.0% increase 
in firing rates to B-irrelevant trials, although neither of these were significant. 
Interestingly, there was a 97.0% decrease in firing rates from A-relevant trials to B-
relevant trials, which was significant. 
 
6.4. Discussion 
  6.4.1. Summary of findings – category level 
We analysed a total of 114 visually responsive neurons at the category level, 53 from 
NCL and 61 from ENTO. In NCL, the majority of neurons were inhibitory (69.8%), while 
the majority of neurons in ENTO were excitatory (72.1%). These visually responsive 
neurons were further analysed using a two-way repeated-measures ANOVA 
(Greenhouse-Geisser corrected) to see whether neural activity differed between Category 
A and Category B within each task period. In ENTO, we found no differences in neural 
activity to the two categories in any period. In NCL, we found that activity on Category 
B trials was more excitatory in the stimulus period for excitatory neurons than activity to 
Category A trials, and similarly, activity to Category B trials was more inhibitory for 
inhibitory neurons than Category A trials in the choice period.  
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  6.4.2. The role of NCL at the category level 
We predicted that NCL would encode categorical information beyond the visual 
properties of the stimuli, i.e. an amalgamation of both behavioural and category-reward 
associations. That is, we expect NCL neurons to encode differences between categories 
during the choice and reward periods. We found that inhibitory neurons displayed a 
significant difference in activity between Category A and B trials during the choice 
period, indicating that these neurons were encoding differential behavioural responses 
(choices) associated with each category. That is, when a behavioural decision was 
required in the choice period, inhibitory neurons associated Category A with one 
response, and B with the other response. The NCL is known to be involved in decision-
making and goal-directed behaviour (Liu, Wan, Li, Shang, & Shi, 2017; Starosta, 
Güntürkün, and Stüttgen, 2013), and thus the pattern of activity within the choice period 
for inhibitory neurons appears to demonstrate NCL’s involvement in decision making 
during categorisation. Similarly, differential activity of NCL neurons in the choice period 
during an abstract rule task has also been found in carrion crows (Veit & Nieder, 2013). 
Since we counterbalanced groups during training so that half the birds were trained to 
peck the geometric pattern when it was a Category A exemplar, and half were trained to 
peck the zebra pattern, we argue that the difference during the choice period is not caused 
by one choice pattern being more visually stimulating than the other. Furthermore, the 
difference in activity to Category A and B trials in the choice period cannot have been 
caused by differential motor responses (i.e., pecking the left or right of the screen) as we 
also counterbalanced which side each choice key appeared on.  
While we did not find similar differential firing to the categories in the choice period 
of excitatory neurons, we did find a difference in activity during the stimulus period. 
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Although the NCL is generally associated with reward-related processing and decision 
making, we do know that the NCL is capable of coding visual differences in stimuli as 
well (see Johnston et al., 2017b). In primates, the PFC has been shown to be stimulus-
selective, although not to the extent of IT cortex (Miller, Erickson, & Desimone, 1996), 
and also associated with attention and the behavioural relevance of a stimulus (Desimone, 
1996; Rainer, Asaad, & Miller, 1998). Therefore, it seems reasonable for the NCL to also 
be involved in processes beyond simple reward processing.  
Furthermore, lesions to ventral PFC causes impairments for visual memory of colours 
(Passingham, 1975). In our behavioural data, it can be seen that all birds preferred pecking 
the Category B-relevant stimuli (spiral and geometric patchwork) compared to irrelevant 
stimuli. On the other hand, for Category A exemplars, birds tended to peck somewhat 
equally between the relevant stimuli (rainbow prism and polka dots) and the irrelevant 
stimuli. It may be that for Category A stimuli, birds struggled to differentiate between 
relevant and irrelevant stimuli as all four are somewhat blue-ish in colour, whereas 
Category B-relevant stimuli are more yellow and therefore much more distinct from the 
irrelevant stimuli. We argue that the reason we find differential activity in the stimulus 
period may be reflective of NCL’s involvement in colour discrimination, attention, and 
behavioural relevance, much like PFC. Thus, at the point where birds are presented with 
the exemplars (stimulus period) colour differences between the categories may lead to 
more attention to behaviourally relevant stimuli for Category B exemplars, and less so to 
Category A exemplars, resulting in differential neural activity. 
However, somewhat unexpectedly, the difference in activity to each category did not 
carry on through the reward period in inhibitory neurons or re-emerge in excitatory 
neurons. We know that the NCL is highly implicated in reward processing (Dykes et al., 
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2018; Johnston et al., 2017a; Lengersdorf et al., 2014), and in particular, shows reward-
category associations during categorisation (see Chapter 5; Kirsch et al., 2009). One 
reason why we may not have found differential activity to the categories during the 
reward period was a lack of differential reward. The SMC paradigm used in the current 
study eliminated the differential reward used in the S+/S- paradigm in Chapter 5 by 
rewarding birds after responses to both categories, instead of just one. The reward given 
to our birds was also the exact same across both categories. It has been shown that the 
NCL is able to switch away from reward-related processing when there are no differential 
rewards (Johnston et al., 2017b), although categorisation studies have shown that the 
NCL can still associate the same reward differentially to each category (Kirsch et al., 
2009). The flexible nature of the NCL may make it difficult to predict whether a paradigm 
will elicit reward-related processing or not, and may also depend on hemisphere and 
which section of the NCL is recorded from (i.e. anterior, posterior etc.). 
  6.4.3. The role of ENTO at the category level 
We predicted that ENTO would encode category-specific information based on visual 
information i.e., the visual properties of the stimuli within a category. That is, we expect 
ENTO neurons to encode differences between categories during the stimulus period. 
However, we did not find any differences in activity to Category A and B trials in any 
period, for both inhibitory and excitatory ENTO neurons. The lack of difference in the 
stimulus period is especially surprising considering we did find differences in NCL 
neurons. For NCL neurons, we argue that differences in the stimulus period arise from 
the degree to which relevant and irrelevant stimuli differ in colour, which then leads to 
heightened attention to B-relevant stimuli compared to A-relevant stimuli. Thus, as 
ENTO as a visual area, we would also expect to see this pattern in ENTO neurons. 
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However, it may be possible that a difference between Category A and B does exist, but 
has fallen victim to Simpson’s paradox; essentially, significant differences do exist within 
smaller subsets of the data, but when averaged, the differences in the subsets cancel each 
other out (for a review, see Wang, Wu, Tu, & Feng, 2018). That is, within Category A 
trials, it might be true that activity to A-relevant and A-irrelevant trials is fairly similar. 
However, within Category B trials, activity may be significantly greater to B-relevant 
trials than B-irrelevant trials due to the fact that B-relevant stimuli are so visually distinct 
from the irrelevant stimuli. Then, because we are averaging across relevant and irrelevant 
trials at the category level, activity to Category A and B balances out to a similar level to 
one another. We would also expect that Simpson’s paradox is more likely to occur within 
the population of ENTO neurons than in NCL as a distinction between relevant and 
irrelevant stimuli is more likely to be visually based in ENTO, whereas in NCL relevancy 
should be more important in terms of guiding behaviour and decision-making. Therefore, 
simply looking at neural activity at the category level may not be as informative as 
examining activity at the relevance level, especially within a visual area like ENTO.  
  6.4.4. Summary of findings – relevance level 
We analysed a total of 33 visually responsive neurons at the relevance level, 22 from 
NCL and 11 from ENTO. As with neurons at the category level, the majority of NCL 
neurons were inhibitory (90.9%) while the majority of ENTO neurons were excitatory 
(54.5%). These visually responsive neurons were analysed further using the same two-
way ANOVA applied at the category level, but with relevance (A-relevant, A-irrelevant, 
B-relevant, and B-irrelevant) as a factor instead of category. While the number of neurons 
in ENTO were too few to construct population profiles, in NCL, we found no differences 
between any of the relevance conditions in any task period.  
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Due to the low numbers of neurons when filtering at the relevance level, we decided 
to analyse firing rates on individual trials of the stimulus and choice periods using 
Bayesian mixed effects modelling. In both NCL and ENTO, there were no significant 
differences in firing rates between any of the four relevance conditions in the stimulus 
period. However, in the choice period, both NCL and ENTO neurons showed a significant 
decrease in firing rates during B-relevant trials compared to A-relevant trials. 
  6.4.5. The role of NCL and ENTO at the relevance level 
We were only able to analyse NCL neurons as a population at the relevance level. As 
NCL is implicated in decision-making, reward, and behavioural relevance, we expect to 
see differences in activity between relevant and irrelevant trials in the choice and reward 
periods. However, when looking at NCL neurons as a population, we did not find any 
differences in activity between any relevance conditions in any period. While we are 
unsure why there is a lack of differences between the relevance conditions among the 
population of NCL neurons, it is likely due to the low number of neurons after filtering 
for visual responsiveness. 
We attempted to fix the problems caused by low numbers of visually responsive 
neurons by examining relevancy at the single trial level across neurons. Using Bayesian 
mixed effects modelling in the stimulus and choice periods for both NCL and ENTO 
neurons, we now found a significant difference in firing rates between B-relevant and A-
relevant trials. In both NCL and ENTO, firing rates to B-relevant stimuli was significantly 
lower than firing rates to A-relevant stimuli in the choice period, but not the stimulus 
period. We argue that the difference in firing rate between A-relevant and B-relevant 
stimuli is again likely due to colour differences. As stated previously, B-relevant stimuli 
are both yellow/orange, and are visually distinct from all other stimuli which are more 
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blue/purple in colour. Thus, in ENTO, we argue that the difference in firing rates to B-
relevant stimuli is caused by ENTO neurons encoding differences in the visual properties 
of the stimuli, although it is unexpected that differences occur in the choice period and 
not the stimulus period (see below for further discussion). In NCL, we argue that the 
difference in firing rates to B-relevant stimuli is also caused by differences in the visual 
properties of the stimuli, but that the colour difference is likely to be associated with 
behavioural relevance. That is, yellow stimuli (B-relevant) are distinct from blue stimuli 
(irrelevant), so behavioural choices are easier to make, and is why we only see differences 
in the choice period rather than the stimulus period.  
As mentioned above, we would expect ENTO to encode differences in the visual 
properties of the stimuli and that differences would emerge in the stimulus period; 
however, we only find differences in firing rates within the choice period. One possibility 
is that birds are not attending to relevancy until the choice period when the choice keys 
appear. As posited by Castro and Wasserman (2014), there are three possible strategies 
for completing the task: 1) birds could look at the whole exemplar, place pecks on a 
random feature, and then make their decision; 2) birds could place pecks on a random 
feature, look at the whole exemplar, and then make their decision; or 3) birds could look 
at the whole exemplar, place pecks to relevant stimuli, and then make their decision. In 
their study, Castro and Wasserman (2014) argue that on the basis of their behavioural 
data, in which relevance of the pecked stimuli was strongly correlated with behavioural 
performance, the birds were using the third strategy during the task. However, in our 
study, we found that birds were able to solve the discrimination successfully, regardless 
of which stimulus they had pecked. Particularly, the proportion of pecks made to relevant 
and irrelevant stimuli for Category A exemplars did not diverge in the same manner that 
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Category B stimuli did as training progressed. The fact that our birds could peck an 
irrelevant stimulus and still choose the correct response suggests that they must be looking 
at the whole exemplar after placing their pecks. Therefore, it is possible that the fact that 
we only find differences in firing rates to relevance conditions in the choice period for 
ENTO neurons is because the birds do not look at the whole exemplar until the choice 
period has commenced, and visual differences are not able to be encoded until this point. 
The next question is why our birds employ a different strategy to the birds from Castro 
and Wasserman (2014), when both paradigms are nearly the same. In fact, our birds, 
despite being trained on the FI paradigm, mimic the behavioural results from Castro and 
Wasserman (2014)’s VI group following the introduction of novel relevant features. 
When novel relevant features were introduced into the category exemplars, VI-trained 
pigeons took longer to learn the new discrimination and also reduced their pecks to 
relevant features. However, once re-learned, behavioural accuracy was no different form 
the FI group. We are not sure what caused our birds to tend towards a different strategy 
than birds in Castro and Wasserman (2014). 
  6.4.6. Summary of findings – stimulus level 
We analysed a total of 26 visually responsive neurons at the stimulus level, 23 from 
NCL and 3 from ENTO. All NCL neurons were inhibitory and all ENTO neurons were 
excitatory. While there were too few ENTO neurons and no neurons in NCL that were 
responsive to Category B stimuli to create population profiles, a population profile for all 
23 NCL neurons that were visually responsive to Category A stimuli was analysed using 
the same ANOVA as at the relevance level, but with stimulus as a factor instead of 
relevance. We found no differences between any of the four Category A stimuli in any 
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task period. We were unable to further analyse firing rates using Bayesian modelling at 
the stimulus level due to time restrictions.  
  6.4.7. The role of NCL at the stimulus level 
We did not expect that NCL neurons would show any differences in activity to each 
of the four individual Category A stimuli for three reasons. First, in our population 
profiles at the relevance level, we did not find any differences in the relevance conditions 
in NCL. Secondly, we would likely not have a suitable number of neurons for analysis, 
which was indeed the case. Thirdly, at the stimulus level, it is more likely that individual 
stimuli will be coded differently based on the differences in their visual properties, rather 
than any behavioural meaning, and so we would expect ENTO neurons to be more 
involved at this level than NCL neurons. Therefore, even with such low numbers of 
neurons contributing to the population profile, it is not surprising that NCL neurons did 
not differentiate between the four stimuli in any of the periods. 
  6.4.8. Limitations of the study 
We decided to employ the SMC paradigm in the current study to rectify limitations 
with our S+/S- paradigm from Chapter 5. In the S+/S- paradigm, the fact that differential 
reward existed made it difficult to parse whether differences in activity represented 
categorical encoding, or simply the anticipation of reward. While the SMC paradigm 
eliminated potential confounds caused by differential reward, the current study is not 
without its own limitations as well. First, the distinctiveness of the relevant stimuli differs 
between categories. As previously mentioned, B-relevant stimuli were much more 
distinct from irrelevant stimuli, while A-relevant stimuli were not so distinct. While it 
does not seem to impact on pigeons’ accuracy, the highly distinct B-relevant stimuli 
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appear to attract much more attention (measured by the rate of pecking to B-relevant 
stimuli) than A-relevant stimuli.  
Along the same vein, it is difficult for us to determine how attention is distributed 
among stimuli that are less distinct form one another, as peck tracking in these cases is 
not the best measure of attention. We define a trial as being A-relevant or A-irrelevant 
when at least 3 out of the 5 required pecks are given to a particular stimulus as peck 
location is purported to be a good measure of attention. However, we know that our birds 
must be employing a strategy in which pecks are distributed randomly and then the whole 
exemplar is assessed, which means that we are unable to determine which features their 
attention is directed to.  
Thirdly, the SMC paradigm could be improved by the addition of a delay period 
between exemplar presentation and the choice period. A delay would help distance the 
choice period temporally from the stimulus period, and likely encourage the pigeons to 
look at the whole exemplar before choosing where to peck (as the exemplar would 
disappear after 5 pecks, rather than remaining on screen). Therefore, the current strategy 
employed by the pigeons would not be viable, and they would be forced to attend to 




CHAPTER 7 | 
DELAYED MATCHING TO THE 
CATEGORIES OF PICASSO 
AND MONET PAINTINGS 
 
In this Chapter, the final of four categorisation studies will be presented, in which birds 
are trained to discriminate between a subset of the same Monet and Picasso paintings used 
in Chapter 5. In the previous study, we used a simultaneous matching-to-category (SMC) 
paradigm, which managed to rectify limitations with the semi-symbolic and S+/S- 
paradigms (Chapters 4 and 5), and also allowed us to uncover how neurons in NCL and 
ENTO are involved in categorisation at both the single and population level. However, 
one challenge with the previous study was that the birds found it difficult to learn the task 
(as reflected in the length of training required to pass criterion compared to our previous 
studies), which is likely due to the complex stimuli used in the experiment. Thus, we 
decided to use a subset of the Monet and Picasso stimuli used in Chapter 5, as birds 
learned to discriminate these categories more quickly and easily. We also decided to add 
a delay period between the stimulus and choice periods which was absent in the previous 
study. For the current study, we used single-unit electrophysiology to record neural 
activity in NCL, ENTO, and MVL during the Picasso/Monet delayed matching-to-
category (DMC) task. 
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It should be noted that due to time restrictions with the thesis the results presented in 





  7.1.1. The delayed matching-to-category (DMC) paradigm 
In primates, the delayed matching-to-category (DMC) paradigm has been used in 
several studies to understand how categorisation is represented neurally. Similar to the 
DMS paradigm described in section 3.1.3., the DMC task includes a delay period between 
presentation and comparison periods, but rather than choosing the same stimulus seen, 
animals are required to choose the category a stimulus belongs to.  
Freedman et al. (2001; 2003) created morphed prototype images of cats and dogs and 
presented them to rhesus monkeys who had never been exposed to these animals before. 
The morphs ranged from being completely unambiguous (100% cat or dog), to being 
mostly comprised of one category (80% cat and 20% dog, or vice versa), to mostly 
ambiguous (60% cat and 40% dog, or vice versa). Morph images were categorised based 
on what category made up the majority of the image, that is, 80:20 and 60:40 cat/dog 
morphs were classed as cats and vice versa for dogs (see Figure 7-1). Monkeys were 
presented with one of these morph images followed by a 1000 ms delay period. Following 
the delay, a prototype from one of the categories was presented. If the prototype was from 
the same category as the previously seen morph image, the monkeys had to release a lever 
to receive reward. If the prototype was from the other category, then monkeys had to keep 
pressing the lever until a prototype from the same category appeared. Freedman et al. 
(2001; 2003) found that the monkeys were able to correctly categorise morph images at 




Figure 7-1: Examples of the cat/dog morph images used in Freedman et al. 
(2003). 
(A) The three prototype cat images and three prototype dog images. In total, 54 
morphed images were created between the six prototypes. (B) Examples of the morph 
images created from prototype C1 and D1. The first three morphs belong to the ‘cat’ 
category, while the last three morphs belong to the ‘dog’ category. Adapted from 
Freedman et al. (2003).7 
 
 
7 Freedman, D. J., Riesenhuber, M., Poggio, T., & Miller, E. K. (2003). A comparison of primate prefrontal 
and inferior temporal cortices during visual categorisation. Journal of Neuroscience, 23(12), 5235-5246. 
https://doi.org/10.1523/JNEUROSCI.23-12-05235.2003. Copyright 2003 Society for Neuroscience. 
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Freedman et al. (2001; 2003) recorded neural activity in primate IT cortex and PFC 
during the morph DMC task. Neurons were classified as being category sensitive if there 
was a difference in activity between the two categories, that is, if activity to all cat images 
was different to activity to all dog images. During the sample period, Freedman et al. 
(2003) found that more neurons in IT cortex were category sensitive (27%) compared to 
PFC neurons (17%). Freedman et al. (2003) argues that the fact that more IT cortex 
neurons were category-sensitive in the sample period when the stimuli are presented 
indicates that IT cortex neurons are likely encoding the differences in visual properties of 
categories. Conversely, during the delay period, more PFC neurons were category 
sensitive (18%) than in IT cortex (9%), suggesting that PFC activity is more likely to 
reflect information about category membership beyond visual properties, and can hold 
this information in working memory. While both PFC and IT cortex neurons displayed 
differences in activity between categories, both areas also showed a lack of difference 
between individual stimuli within each category, indicating that neurons were classifying 
all cat images as cats, and all dog images as dogs.  
  7.1.2. Aims and objectives of the study 
The aim of the current study was to investigate how the categories of ‘Picasso’ and 
‘Monet’ are represented in NCL, ENTO, and MVL, and the involvement of these areas 
in the categorisation process. Like our other categorisation studies, we expect that NCL 
will encode categorical information beyond the visual properties of the stimuli, i.e. an 
amalgamation of both behavioural and category-reward associations. On the other hand, 
we expect that ENTO will encode category-specific information based on visual 
information i.e., the visual properties of the stimuli within a category, and MVL will 
encode categorical information in a similar yet more complex manner than in ENTO. In 
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the current study we will also explore how category information will be represented 
neurally when a delay between stimulus presentation and the choice period is added by 
implementing a modified version of the DMC paradigm. However, our version of the 
DMC paradigm will present options from both categories during the comparison period, 
in order to ensure that birds will execute the same motor response regardless of whether 
their choice is correct or incorrect. Based on the findings of Freedman et al. (2001; 2003) 
who employ a similar paradigm, we also expect that we will find more category-sensitive 
neurons during the delay period in NCL, while in MVL and ENTO we expect to find 
more category-sensitive neurons during the stimulus period.  
 
7.2. Materials and Methods 
  7.2.1. Subjects 
The subject (D4) was one experimentally naïve pigeon (Columba livia). 
  7.2.2. Apparatus and stimuli 
The Perspex panel that was situated in front of the monitor had six square holes 
measuring 60 x 60 mm, arranged in a two (row) by three (column) grid. The holes were 
65 mm apart, from centre to centre. We used a selection of the 7 Monet and 7 Picasso 
stimuli outlined in Chapter 5, which were chosen from the list of paintings in Watanabe 
et al. (1995). Sample stimuli were presented in the top middle square and comparison 
stimuli were presented on the outer top squares and appeared against the black 
background of the monitor. There was a total of eight different stimuli, four of which 
were Monet paintings, and four which were Picasso paintings (Monet: ‘Garden at Sainte-
Adresse’, ‘Camille Monet and a Child in the Artist’s Garden in Argenteuil’, ‘Field of 
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Poppies, ‘Still Life with Pears and Grapes’; Picasso: ‘Guitar, Bottle and Fruit’, ‘Artist 
and his Model’, ‘Jug, Candle and Enamel Pan’, ‘The Women of Algiers’). As in the study 
outlined in Chapter 5, the paintings were in black and white, and had been cropped from 
one corner so as to best preserve the essence of the original painting. Images were then 
resized to 100 x 100 pixels. 
  7.2.3. Behavioural task 
The bird was trained on a delayed matching-to-category (DMC) task. The set of 
Picasso paintings served as one category, while the set of Monet paintings served as the 
second category. Figure 7-2 shows the sequence of events during the DMC task. Trials 
began with an intertrial interval (ITI), in which nothing was presented on screen for 10 s. 
At the end of the ITI, one of the four Monet and Picasso paintings was presented on-
screen (sample period). The bird was required to peck the stimulus two times, which 
removed the stimulus from the screen and initiated the delay. After a delay of 3000 ms, a 
different painting from the same category as the stimulus shown in the sample period and 
a painting from the other category were presented (comparison period). Pecks to the 
comparison stimulus that came from the same category as the sample stimulus resulted 
in 2000 ms access to wheat reward via an illuminated hopper. Pecks to the wrong category 
resulted in a 2000 ms time-out period, in which a blank screen coupled with a 500 Hz 
tone was presented, followed by the ITI of the next trial. A correction routine was in place 
for both training and testing, such that all incorrect trials were repeated until the correct 
response was made. Only the first attempt at each trial was calculated for behavioural 
performance. Within a session, each of the stimuli were randomly presented 7 times each, 




Figure 7-2: The delayed matching-to-category task. 
The sequence of events on the delayed matching-to-category (DMC) task. When a Monet painting served as the sample stimulus (a), birds were 
required to peck the other Monet painting during the comparison period to obtain a wheat reward. When a Picasso painting served as the sample 
stimulus (b), birds were required to peck the other Picasso painting to obtain reward. If the opposite category to the previously presented stimulus 
was chosen (c), for example, choosing the Monet category when the sample stimulus had been a Picasso painting, the birds were not rewarded, and 




  7.2.4. Surgery 
The bird underwent microdrive surgery after it had reached at least 70% performance 
to both Monet and Picasso stimuli. The bird initially had electrodes inserted into the right 
NCL, before undergoing a second surgery to insert a second set of electrodes into the 
right MVL and ENTO. For MVL, the electrodes were positioned at AP +9.5, ML -6.0, 
DV = 1.0. When the electrodes reached the end of MVL, the electrodes were advanced a 
further 960 μm to the start of ENTO at AP +9.5, ML -6.0, DV = 3.0.  
    
7.3. Results 
  7.3.1. Histology 
All electrode tracks were within the targeted regions as defined by Karten and Hodos 






Figure 7-3: The electrode track reconstruction. 
The electrode track reconstruction for D4 in A) NCL; and B) MVL and ENTO. In 
NCL, the red star represents the recovered entry point, and the dashed line denotes the 
probably location of the track. Brain regions (as defined by Reiner et al., 2004): A, 
arcopallium; CDL, area corticoidea dorsolateralis; DA, tractus dorso-arcopallialis; E, 
entopallium; HA, hyperpallium apicale; HD, hyperpallium densocellulare; GP, globus 
pallidus; M, mesopallium; MVL, mesopallium ventrolaterale; N, nidopallium; NCL, 




For NCL, the intended track positions were AP +5.5 and ML ±7.5. Unfortunately, we 
were unable to recover the full track in NCL, but we were able to find the entry point of 
the electrodes at AP +5.5, ML +7.5 as intended. Based on our depth records, we believe 
the whole track was very likely to be within the targeted region (see Figure 7-3). For 
MVL and ENTO, the intended track positions were AP +9.5 and ML ± 6.0. Note that 
because MVL lies directly above ENTO, we used one set of electrodes to record from 
both areas by starting in MVL, and then advancing the electrodes forward until the start 
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of ENTO. The track position was at AP +9.5, ML -6.5, differing from the intended ML 
by 0.5mm.  
  7.3.2. Behavioural performance 
The behavioural performance across all recording sessions for D4, depending on the 
implanted region, is shown in Figure 7-4. 
 
 
Figure 7-4: Behavioural performance. 
The average performance (%) of D4 on both Picasso and Monet trials, across all 




D4 was able to correctly match Picasso and Monet paintings to their respective 
categories with fairly high accuracy. To see whether there were any differences in 
performance on Picasso and Monet trials, and between areas, we used a two-way ANOVA 
with artist (2: Picasso and Monet) and area (3: NCL, MVL, and ENTO) as factors 
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(Greenhouse-Geisser corrected). There was no significant difference in performance 
between Picasso and Monet trials, F(1,115) = 0.25, p = 0.62, nor a significant interaction 
effect between area and artist, F(2,115) = 1.81, p = 0.17. However, there was a significant 
difference in performance between the three areas, F(2,115) = 6.67, p = 0.002. Post hoc 
pairwise comparisons using the Bonferroni correction revealed that performance while 
recording from NCL (M = 76.64, SE = 0.72) was significantly lower compared to 
performance while recording from both MVL (M = 81.21, SE = 1.36, p = 0.011) and 
ENTO (M = 80.76, SE = 1.33, p = 0.022). The increase in accuracy from NCL to MVL 
and ENTO is likely due to the bird being exposed to more sessions by the time recordings 
were made in MVL and ENTO, as NCL was the first region we recorded from. 
Regardless, the increase in performance from NCL to MVL was small by approximately 
4.6%, and D4 performed significantly above chance levels while recording from all three 
areas, all ts > 13.33, all ps < 0.001. 
  7.3.3. Neural filtering for visually responsive neurons 
In total, we recorded from a total of 103 neurons, 63 from NCL, 20 from MVL, and 
20 from ENTO. As with the previous studies outlined in Chapters 4-6, one way to 
compare neural activity during the categorisation task is to specifically analyse visually 
responsive neurons.  
For a full breakdown of all visually responsive neurons, see Table 7-1. In NCL, 22/63 
(34.9%) neurons were classified as visually responsive, while 9/20 (45.0%) in MVL and 
20/20 (100.0%) in ENTO were classified as visually responsive. Of the 22 visually 
responsive NCL neurons, 13 neurons (59.1%) were excitatory to at least one of the 
stimuli, while the remaining 9 neurons (40.9%) were inhibitory. Of the excitatory NCL 
neurons, 11/13 (84.6%) selectively fired to Picasso stimuli, 1/13 (7.7%) selectively fired 
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to Monet stimuli, and 1/13 (7.7%) was non-selective in that it fired to both Picasso and 
Monet stimuli. Of the inhibitory NCL neurons, 5/9 (55.6%) selectively fired to Picasso 
stimuli, 3/9 (33.3%) selectively fired to Monet stimuli, and 1/9 (11.1%) was non-selective 
in that is fired to both Picasso and Monet stimuli. Due to the low numbers of excitatory 
neurons that were selective to Monet stimuli, we were unable to analyse this subset of 
neurons. 
Of the 9 MVL neurons, 6 (66.7%) were classified as excitatory and 2 neurons (22.2%) 
were inhibitory. Of the excitatory MVL neurons, 3/6 (50.0%) selectively fired to Picasso 
stimuli, 2/6 (33.3%) was non-selective in that it fired to both Picasso and Monet stimuli, 
and 1/6 (16.7%) was selective to Monet stimuli. Of the inhibitory MVL neurons, 1/2 
(50.0%) selectively fired to Picasso stimuli and 1/2 (50.0%) selectively fired to Monet 
stimuli. The final MVL neuron (11.1%) was inhibitory to Picasso paintings but excitatory 
to Monet paintings, and thus was included in both excitatory and inhibitory neuron counts. 
However, due to the low numbers of neurons recorded from MVL, we restricted all 
subsequent MVL analyses to excitatory neurons that were selective for Picasso stimuli.  
Of the 20 ENTO neurons, all 20 (100.0%) neurons were inhibitory to at least one of 
the stimuli. Of these inhibitory neurons, 2/20 (10.0%) selectively fired to Monet stimuli, 
and 18/20 (90.0%) were non-selective in that they fired to both Picasso and Monet stimuli. 
Due to the low numbers of selective neurons in ENTO, we were unable to analyse this 










Breakdown of Visually Responsive Neurons Across All Areas 
Note: e = excitatory; i = inhibitory; n = not significant from baseline. The first letter in each pair refers to the type of activity on Picasso trials, and the second letter refers 
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ENTO 0 0 0 0  0 
2 
(10.0%) 
18 (90.0%) 20  0 0 0 
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  7.3.4. Population profiles for visually responsive neurons 
We constructed population profiles of visually responsive neurons in NCL and MVL, 
depending on whether they were selective to Picasso or Monet stimuli in the stimulus 
period, by averaging across all Picasso trials and across all Monet trials for each neuron. 
To see if there was any difference in neural activity to the Picasso and Monet categories, 
we used a two-way repeated-measures ANOVA with artist (Picasso vs Monet) and bin (6 
bins for each of the periods; the middle 300 ms of the ITI, the 300 ms ready period, the 
middle 300 ms of the pause period, the 300 ms stimulus period, the middle 300 ms of the 
delay period, the 300 ms comparison period, and the middle 300 ms of the reward period, 
respectively) as factors, with repeated measures over stimuli and bins (Greenhouse-
Geisser corrected). Note that we do not report results for any main effects of bin, as any 
significant value just reflects variations in the firing rates from one bin to the next, and is 
generally not of interest, but we do report interaction effects between artist and bin. 
The population profile for Picasso-selective NCL excitatory neurons (NCL PE) is 
shown in Figure 7-5a. There was a significant main effect of artist in the stimulus period, 
F(1,10) = 43.43, p < 0.001, with greater excitatory activity on Picasso trials compared to 
Monet trials, but not in the other six periods, all Fs < 4.23, all ps > 0.067. There was also 
a significant interaction effect between artist and bin in the stimulus period, F(5,50) = 
3.14, p = 0.049, with activity on Picasso trials being greater than activity on Monet trials 
at the start of the stimulus period, but rapidly decreasing in activity towards the end of 
the period, but not in the other six periods, all Fs < 2.48, all ps > 0.074. 
The population profile for Picasso-selective NCL inhibitory neurons (NCL PI) is 
shown in Figure 7-5b. There was no significant main effect of artist in any of the seven 
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periods, all Fs < 5.07, all ps > 0.087, nor a significant interaction effect between artist 
and bin in any of the seven periods, all Fs < 2.61, all ps > 0.15. 
The population profiles for Monet-selective NCL inhibitory neurons (NCL MI) is 
shown in Figure 7-5c. There was a significant main effect of artist in the ITI, F(1,2) = 
50.40, p = 0.019, with more activity on Monet trials than Picasso trials in the second half 
of the ITI. While we should not see any difference in activity during the ITI between 
Monet and Picasso trials, as birds do not know which trial type it will be before the 
stimulus period, it is likely that this difference is due to the low number of inhibitory 
neurons that were Monet-selective (3) included in the analysis. There was also a 
significant main effect of artist in the stimulus period, F(1,2) = 353.06, p = 0.003, with 
greater activity to Picasso stimuli compared to Monet stimuli, which was more inhibitory. 
A significant main effect of artist was also found in the reward period, F(1,2) = 22.03, p 
= 0.043, with greater activity to Monet stimuli than to Picasso stimuli, but not in the other 
four periods, all Fs < 3.55, all ps > 0.2. There was also no significant interaction effect 




Figure 7-5: The population profiles for visually responsive neurons. 
The population profiles for visually responsive NCL neurons (A-C) and MVL neurons 
(D). PE, Picasso-selective excitatory neurons; PI, Picasso-selective inhibitory 
neurons; MI, Monet-selective inhibitory neurons. Neuronal data was normalised 
against the maximum firing rate during the ITI, and bin width is 50 ms. Vertical lines 
separate the different periods of the task. Shaded bands represent ±1 SEM. ITI, 
intertrial interval. * p < .05, ** p < .01, *** p < .001. 
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The population profile for Picasso-selective MVL excitatory neurons (MVL PE) is 
shown in Figure 7-5d. There was no significant main effect of artist in any of the seven 
periods, all Fs < 14.67, all ps > 0.062, nor any significant interaction effects between 
artist and bin in any of the seven periods, all Fs < 1.87, all ps > 0.28.  
  7.3.5. Category effects in the stimulus period 
In NCL, both Picasso-selective excitatory (PE) neurons and Monet-selective inhibitory 
(MI) neurons displayed a significant main effect of artist in the stimulus period, in that 
activity to Picasso paintings was significantly different than activity to Monet paintings. 
To further examine the differences in activity between Picasso and Monet stimuli, we 
decided to separate trials even further into each of the four Picasso and Monet stimuli. 
While only two of the four conditions (PE and MI in NCL) displayed a significant main 
effect of artist, we also decided to examine the two non-significant conditions (PI in NCL 
and PE in MVL) in the same way. We then used a three-way repeated-measures ANOVA 
with artist (2: Picasso vs Monet), painting (4: four paintings within each category), and 
bin (6 bins for the 300 ms stimulus period) as factors, with repeated measures over stimuli 
and bins (Greenhouse-Geisser corrected). Note that we do not report results for any main 
effects of bin, nor any interaction effects with bin, as any significant value just reflects 




Figure 7-6: Category effects based on individual paintings in the stimulus 
period. 
The population profiles based on individual paintings in the stimulus period (A-D) 
and averaged activity within the stimulus period to each individual painting (E-G), for 
visually selective neurons. PE, Picasso-selective excitatory neurons; PI, Picasso-
selective inhibitory neurons; MI, Monet-selective inhibitory neurons. For A-D, 
shaded bands represent ±1 SEM. For E-G, dashed line represents the category 
boundary, and error bars are ±1 SEM. ITI, intertrial interval. * p < .05, ** p < .01, *** 
p < .001. 
172 
 
The population profile based on individual paintings for NCL PE neurons is shown in 
Figure 7-6a. In the stimulus period, there was a significant main effect of artist, F(1,10) 
= 34.27, p < 0.001, but there was no significant main effect of painting, F(3,30) = 0.25, p 
= 0.75, which suggests that within each category (Picasso and Monet), all paintings were 
perceived similarly, but between categories, they were perceived as different, i.e. a 
category effect. There was also no significant interaction effect between artist and 
painting, F(3,30) = 0.34, p = 0.77. When we average the activity across the 6 bins of the 
stimulus period for each painting (Figure 7-6e), a significant difference between the two 
categories is also found, F(1,86) = 11.78, p = 0.001, as well as a lack of significant 
difference between individual paintings within each category, both Fs < 0.48, both ps > 
0.70. 
The population profile based on individual paintings for NCL PI neurons is shown in 
Figure 7-6b. In the stimulus period, there was no significant main effect of painting, 
F(1,4) = 0.43, p = 0.55, nor a significant main effect of painting, F(3,12) = 2.03, p = 0.21, 
nor a significant interaction effect between artist and painting, F(3,12) = 1.70, p = 0.26, 
indicating a lack of a category effect in NCL PI neurons. A lack of category effect is also 
reflected in the average activity across the 6 bins of the stimulus period (Figure 7-6f), 
with no significant difference between categories, F(1,38) = 0.40, p = 0.53, nor within 
each category, both Fs < 2.07, both ps > 0.15. 
The population profile based on individual paintings for NCL MI neurons is shown in 
Figure 7-6c. In the stimulus period, there was no significant main effect of artist, F(1,2) 
= 7.44, p = 0.11, nor a significant main effect of painting, F(3,6) = 4.21, p = 0.15, nor a 
significant interaction effect between artist and painting, F(5,10) = 0.81, p = 0.48, 
indicating a lack of a category effect in NCL MI neurons. However, when we averaged 
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activity across the 6 bins of the stimulus period (Figure 7-6g), we found a significant 
difference between categories, F(1,22) = 7.19, p = 0.014. We also found that there was a 
significant difference between activity to individual paintings within the Picasso 
category, F(3,8) = 8.92, p = 0.006, with post hoc pairwise comparisons using the 
Bonferroni correction revealing a significant difference between painting P1 (M = 0.081, 
SE = 0.081) and P6 (M = 0.47, SE = 0.052, p = 0.022), and painting P1 and P7 (M = 0.52, 
SE = 0.088, p = 0.013). There were no differences in activity to individual paintings within 
the Monet category, F(3,8) = 0.28, p = 0.84. 
The population profile based on individual paintings for MVL PE neurons is shown in 
Figure 7-6d. In the stimulus period, there was no significant main effect of artist, F(1,2) 
= 2.47, p = 0.26, nor a significant main effect of painting, F(3,6) = 0.20, p = 0.76, nor a 
significant interaction effect between artist and painting, F(5,10) = 8.74, p = 0.081, 
indicating a lack of a category effect in MVL PE neurons. A lack of category effect is 
also reflected in the average activity across the 6 bins of the stimulus period (Figure 7-
6h), with no significant difference between categories, F(1,22) = 1.59, p = 0.22, nor 
within each category, both Fs < 0.47, both ps > 0.71. 
  7.3.6. Filtering for delay-sensitive neurons 
While our previous studies (Chapters 4-6) have solely compared neural activity during 
categorisation for visually responsive neurons, the paradigm used in the current study also 
enables us to compare the neural activity of delay neurons. We wanted to investigate 
whether categorical information is processed in delay-sensitive neurons, that is, neurons 
which display significantly different activity in the delay period compared to baseline ITI. 
Note that a neuron could be visually responsive but not delay-sensitive, and vice versa. 
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As with visually responsive neurons, delay-sensitive neurons were labelled by using a 
two-way repeated-measures ANOVA with period (the middle 5 s of the ITI and the 3 s 
delay period) and stimuli (words and nonwords) as factors, with repeated measures over 
stimuli (Greenhouse-Geisser corrected). If a neuron showed a significant difference in 
firing rate between the ITI and delay period for at least one of the stimuli (i.e. a main 





















Breakdown of Delay-Sensitive Neurons Across All Areas 
Note: e = excitatory; i = inhibitory; n = not significant from baseline. The first letter in each pair refers to the type of activity on Picasso trials, and the second letter refers 
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For a full breakdown of all delay-sensitive neurons, see Table 7-2. In NCL, 33/63 
(52.4%) neurons were classified as delay-sensitive, while 8/20 (40.0%) in MVL and 
20/20 (100.0%) in ENTO were classified as delay-sensitive. Of the 33 NCL neurons, 29 
(87.9%) were inhibitory to at least one of the stimuli, while the remaining 4 neurons 
(12.1%) were excitatory. Of the 29 inhibitory neurons, 7/29 (24.1%) selectively fired to 
Picasso stimuli, 7/29 (24.1%) selectively fired to Monet stimuli, and 15/29 (51.7%) were 
non-selective in that they fired to both Picasso and Monet stimuli. Of the 4 excitatory 
neurons, 2/4 (50.0%) selectively fired to Picasso stimuli, 1/4 (25.0%) selectively fired to 
Monet stimuli, and 1/4 (25.0%) were non-selective. Due to the low numbers of Picasso- 
and Monet-selective excitatory neurons, subsequent analyses were restricted to inhibitory 
NCL neurons. 
Of the 8 MVL neurons, 7 (87.5%) were inhibitory to at least one of the stimuli, while 
one neuron (12.5%) was excitatory. Of the 7 inhibitory neurons, 1/7 (14.3%) selectively 
fired to Picasso stimuli, 1/7 (14.3%) selectively fired to Monet stimuli, and 5/7 (71.4%) 
were non-selective in that they fired to both Picasso and Monet stimuli. The single 
excitatory neuron selectively fired to Picasso stimuli. Due to the low numbers of Picasso- 
and Monet-selective excitatory and inhibitory neurons, no delay period analyses could be 
performed for MVL neurons. 
Of the 20 ENTO neurons, all 20 (100.0%) were inhibitory to at least one of the stimuli. 
Of the 20 inhibitory neurons, all were non-selective in that they fired to both Picasso and 
Monet stimuli. Due to a lack of Picasso- and Monet- selective neurons, we were unable 
to perform any further analyses with the ENTO neurons. 
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  7.3.7. Population profiles for delay-sensitive neurons 
We constructed population profiles of delay-sensitive neurons in NCL, depending on 
whether they were selective to Picasso or Monet stimuli in the delay period, by averaging 
across all Picasso trials and across all Monet trials for each neuron. To see if there was 
any difference in neural activity to the Picasso and Monet categories, we used a two-way 
repeated-measures ANOVA with artist (Picasso vs Monet) and bin (6 bins for each of the 
periods; the middle 300 ms of the ITI, the 300 ms ready period, the middle 300 ms of the 
pause period, the 300 ms stimulus period, the middle 300 ms of the delay period, the 300 
ms comparison period, and the middle 300 ms of the reward period, respectively) as 
factors, with repeated measures over stimuli and bins (Greenhouse-Geisser corrected). 
Note that we do not report results for any main effects of bin, as any significant value just 
reflects variations in the firing rates from one bin to the next, and is generally not of 





Figure 7-7: The population profiles for delay-sensitive neurons. 
The population profiles for NCL delay-sensitive neurons. PI, Picasso-selective 
inhibitory neurons; MI, Monet-selective inhibitory neurons. Neuronal data was 
normalised against the maximum firing rate during the ITI, and bin width is 50 ms. 
Vertical lines separate the different periods of the task. Shaded bands represent ±1 
SEM. ITI, intertrial interval. * p < .05, ** p < .01, *** p < .001. 
 
 
The population profile for Picasso-selective inhibitory NCL neurons (NCL PI) is 
shown in Figure 7-7a. There was a significant main effect of artist in the comparison 
period, F(1,6) = 6.50, p = 0.044, with greater activity towards Picasso stimuli compared 
to Monet stimuli, but not in any of the other six periods, all Fs < 3.26, all ps > 0.12. There 
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was no significant interaction effect between artist and bin in any of the seven periods, 
all Fs < 1.82, all ps > 0.11. 
The population profile for Monet-selective inhibitory NCL neurons (NCL MI) is 
shown in Figure 7-7b. There was no significant main effect of artist in any of the seven 
periods, all Fs < 4.72, all ps > 0.073. There was also no significant interaction effect 
between artist and bin in any of the seven periods, all Fs < 2.51, all ps > 0.088. 
  7.3.8. Category effects in the delay period 
In NCL, neither of the Picasso-selective inhibitory (PI) neuron and Monet-selective 
inhibitory (MI) neuron populations displayed a significant main effect of artist in the 
delay period. Despite this lack of difference between activity to Picasso and Monet 
stimuli, as with visually responsive neurons, we decided to separate trials even further 
into each of the four Picasso and Monet stimuli. We used a three-way repeated-measures 
ANOVA with artist (2: Picasso vs Monet), painting (4: four paintings within each 
category), and bin (6 bins for the middle 300 ms of the delay period) as factors, with 
repeated measures over stimuli and bins (Greenhouse-Geisser corrected). Note that we do 
not report results for any main effects of bin, nor any interaction effects with bin, as any 
significant value just reflects variations in the firing rates from one bin to the next and is 





Figure 7-8: Category effects based on individual paintings in the delay period. 
The population profiles based on individual paintings in the delay period (A and B) 
and averaged activity within the delay period to each individual painting (C and D), 
for delay-sensitive neurons. PI, Picasso-selective inhibitory neurons; MI, Monet-
selective inhibitory neurons. For A and B, shaded bands represent ±1 SEM. For C and 
D, dashed line represents the category boundary, and error bars are ±1 SEM. ITI, 
intertrial interval. * p < .05, ** p < .01, *** p < .001. 
 
 
The population profile based on individual paintings for NCL PI neurons is shown in 
Figure 7-8a. In the delay period, there was no significant main effect of artist, F(1,6) = 
0.13, p = 0.73, nor a main effect of painting, F(3,18) = 1.10, p = 0.37, nor a significant 
interaction effect between artist and painting, F(3,18) = 0.44, p = 0.66, indicating a lack 
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of a category effect in NCL PI neurons. A lack of category effect is also reflected in the 
average activity across the 6 bins of the stimulus period (Figure 7-8b), with no significant 
difference between categories, F(1,55) = 0.86, p = 0.77, nor within each category, both 
Fs < 0.85, both ps > 0.48. 
The population profile based on individual paintings for NCL MI neurons is shown in 
Figure 7-8c. In the delay period, there was no significant main effect of artist, F(1,6) = 
0.94, p = 0.37, nor a main effect of painting, F(3,18) = 0.55, p = 0.50, nor a significant 
interaction effect between artist and painting, F(3,18) = 0.40, p = 0.57, indicating a lack 
of a category effect in NCL MI neurons. A lack of category effect is also reflected in the 
average activity across the 6 bins of the stimulus period (Figure 7-8d), with no significant 
difference between categories, F(1,55) = 1.32, p = 0.26, nor within each category, both 
Fs < 0.51, both ps > 0.68. 
 
7.4. Discussion 
  7.4.1. Summary of findings – visually responsive neurons 
In NCL, 22/63 (34.9%) neurons were classified as visually responsive, while 9/20 
(45.0%) in MVL and 20/20 (100.0%) in ENTO were classified as visually responsive. 
Due to the low number of visually selective neurons in ENTO, neurons in this area were 
not used in the analysis. In both NCL and MVL, the majority of excitatory neurons 
selectively fired to Picasso stimuli, but not Monet stimuli (NCL PE: 84.6% and MVL PE: 
50.0%, respectively). We were unable to analyse NCL and MVL excitatory neurons that 
fired selectively to Monet stimuli due to low numbers. While inhibitory MVL neurons 
were also excluded due to low numbers, the majority of inhibitory NCL neurons 
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selectively fired to Picasso stimuli (NCL PI: 55.6%), and a minority of inhibitory NCL 
neurons selectively fired to Monet stimuli (NCL MI: 33.3%). We further analysed these 
neurons using a two-way repeated-measures ANOVA (Greenhouse-Geisser corrected) to 
see if there was any difference in neural activity to the Picasso and Monet categories 
within each task period. In NCL PE neurons, we found that overall activity to Picasso 
stimuli was significantly greater than activity to Monet stimuli in the stimulus period, but 
there was no significant difference in activity to the two categories in NCL PI neurons. 
In NCL MI neurons, activity was significantly more inhibitory to Monet stimuli than 
Picasso stimuli in the stimulus period, but more excitatory to Monet stimuli in the reward 
period. Finally, activity to Monet and Picasso stimuli did not differ in MVL PE neurons. 
We then separated trials into each of the four Picasso and Monet stimuli to examine 
the differences in activity both between and within the categories during the stimulus 
period, using a three-way repeated-measures ANOVA (Greenhouse-Geisser corrected). 
As with our original analyses, both NCL PI and MVL PE neurons did not show any 
between- or within-category differences in activity in the stimulus period. In NCL PE 
neurons, we found a significant difference in activity between the two categories, but no 
differences within the categories, indicating that the greater activity towards Picasso 
stimuli compared to Monet stimuli was consistent across all individual Picasso stimuli 
and Monet stimuli. On the other hand, in NCL MI neurons, while we did find a significant 
difference in activity between the two categories, we also found differences between 
individual stimuli within categories, in that NCL MI neurons showed greater inhibitory 
activity to stimulus P3 compared to both stimulus P6 and P7. However, there were no 
differences in activity to individual stimuli within the Monet category, indicating that 
NCL MI neurons responded in a similar way to all Monet paintings, and that the 
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significant difference in overall Monet and Picasso activity is likely driven by a difference 
between all Monet stimuli and P6 and P7 specifically. 
  7.4.2. Summary of findings – delay-sensitive neurons 
In NCL, 33/63 (52.4%) neurons were classified as delay-responsive, while 8/20 
(40.0%) in MVL and 20/20 (100.0%) in ENTO were classified as visually responsive. 
Due to the low numbers of delay-selective neurons in MVL and ENTO, neurons in these 
areas were not used in the analysis. In NCL, an equal number of inhibitory neurons were 
selective to Picasso stimuli and selective to Monet stimuli. We were unable to analyse 
delay-selective excitatory neurons in NCL due to low numbers. Using the same 2-way 
ANOVA described in section 7.4.1., we found that in both NCL PI and MI neurons, there 
was no significant difference in activity to Picasso stimuli compared to Monet stimuli. 
When we separated trials into each of the individual stimuli, we also found that there was 
a lack of within- and between-category differences in activity in the delay period for both 
NCL PI and MI neurons. 
  7.4.3. Preliminary conclusions on categorisation in NCL 
We predicted that we would find more delay-sensitive neurons than visually 
responsive neurons in NCL. Indeed, more neurons were classed as being delay-sensitive 
(52.4%) than visually responsive (34.9%). Similarly, Freedman et al. (2003) found larger 
proportion of primate PFC neurons were category-sensitive during the delay period 
compared to the sample period. Freedman et al. (2003) argues that because PFC neurons 
are more sensitive to differences between categories in the delay period, the PFC more 
likely encodes information about category membership beyond basic visual properties. 
Thus, it is likely that NCL, the avian analogue of primate PFC, also encodes categorical 
information beyond the visual properties of the stimuli, i.e. category-reward associations.  
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Among visually responsive neurons, we found that NCL PE and MI neurons displayed 
differential activity towards Picasso and Monet stimuli within the stimulus period. In our 
previous study using Picasso and Monet paintings (Chapter 5) we did not find any 
differences in activity between the categories within the stimulus period in NCL, but 
rather in the reward period. We found differences in activity to Picasso and Monet stimuli 
in the reward period for NCL MI neurons, indicating that this subset of neurons may be 
using category-reward associations to differentiate between the two categories. However, 
as the analysis for NCL MI neurons is only based on three neurons, it is difficult to say 
whether the differences found in the reward period are an accurate reflection of NCL MI 
population activity, especially when we also found a significant difference in activity in 
the ITI, when our bird would not yet know what trial type was taking place. Furthermore, 
when we split trials into the four Picasso and four Monet stimuli, we found that NCL MI 
neurons did not respond in a similar way to all Picasso paintings. Activity to paintings P6 
and P7 was significantly different to activity to painting P3, suggesting that differences 
in between-category activity is likely driven by a difference between all Monet stimuli 
and P6 and P7 specifically, rather than the Picasso category as a whole. 
In NCL PE neurons, we found distinct between- and within-category effects in the 
stimulus period of visually responsive neurons. That is, these neurons discriminated 
between Picasso and Monet categories overall, but also responded to all Monet stimuli 
similarly, and all Picasso stimuli similarly, much like the category effects found in IT 
cortex neurons in Freedman et al. (2001; 2003). As Keller and Schoenfeld (1950) note, 
true categorisation requires an individual to both discriminate between two categories, 
but also to generalise within each category. Thus, in NCL PE neurons, it appears that 
neural activity during the stimulus period is reflective of true categorisation. The reason 
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that differences in activity appear within the stimulus period of the current study is likely 
because of a lack of differential reward outcomes. In Chapter 5, our S+/S- paradigm had 
differential reward outcomes (reward vs. no reward) associated with each category, while 
the current study has no differential rewards (correct responses to both categories result 
in the same reward. We know that NCL neurons essentially default to reward-based 
coding when there is the opportunity to do so, such as through differential rewards 
(Johnston et al., 2017a). When there is no opportunity for reward-based coding, like in 
the current study, NCL neurons can flexibly switch to more stimulus-based coding 
(Johnston et al., 2017b), in which they incorporate behavioural information with 
information about different stimulus-reward associations (Kirsch et al., 2009; 
Lengersdorf et al., 2014).  
However, in NCL we would also expect differences in activity to the two categories 
to continue through the delay period and even into the reward. Category-sensitive PFC 
neurons in Freedman et al. (2003) displayed sustained activity through the delay period 
while IT cortex neurons did not, which the authors argue is evidence for the PFC being 
involved in categorisation beyond visual discrimination, and likely incorporates 
information about guiding behaviour during categorisation. It is possible that we did not 
find sustained activity through the delay period of visually responsive neurons because 
these neurons are not particularly involved in working memory; rather, NCL neurons 
which are visually responsive may actually be holding visual information from visual 
areas such as ENTO, which projects to NCL (Kröner & Güntürkün, 2009; Krützfeldt & 
Wild, 2005). Visual information received from visual areas might then be incorporated 




Since visually responsive neurons were not necessarily delay-sensitive, and vice versa, 
we also decided to classify neurons as being delay-sensitive based on whether activity 
during the delay period was different to baseline ITI activity. Among delay-sensitive 
neurons, we found that NCL PI and MI neurons did not display differential activity 
towards Picasso and Monet stimuli within the delay period. In Freedman et al. (2003), 
category effects were stronger in the delay period than the stimulus period in PFC 
neurons, and so we expected to find stronger category effects in the delay period of NCL 
neurons as well. However, the lack of category effects among our delay-sensitive neurons 
may be due to the fact that we only recorded from one bird, and only from the right 
hemisphere. In Chapter 5 we found a strong left hemisphere dominance for categorisation 
among NCL neurons. Therefore, the fact that we were only able to record from the right 
hemisphere may be why we did not find any category effects in delay-sensitive neurons, 
and only in two subsets of visually responsive neurons. Further investigation into the 
activity of left hemisphere neurons during the same DMC task is needed. 
  7.4.4. Preliminary conclusions on categorisation in MVL and ENTO 
We predicted that we would find more visually responsive neurons than delay-
sensitive neurons in ENTO and MVL. Indeed, more neurons were classed as being 
visually responsive (45.0%) than delay-sensitive (40.0%) in MVL. Similarly, Freedman 
et al. (2003) found a larger proportion of IT cortex neurons were category-sensitive in the 
stimulus period than in the delay period. Freedman et al. (2003) argues that because IT 
cortex neurons are more sensitive to category differences in the stimulus period, IT cortex 
more likely encodes differences in the visual properties of stimuli between categories. 
Thus, it is likely that MVL, the avian analogue of IT cortex, also encodes categorical 
information based on the visual properties of the stimuli within a category. However, in 
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ENTO, there was an equal amount of visually responsive and delay-sensitive neurons 
(100%). ENTO is thought to be an analogue of some portion of extrastriate cortex in 
primates, and thus is not an analogue of IT cortex per se. The fact that ENTO neurons 
appear to be equally visually responsive and delay-sensitive may be due to the fact that 
ENTO neurons incorporate information about visual properties and reward (Johnston et 
al., 2017a). Thus, ENTO neurons may encode categorical information based on visual 
properties like MVL, but also information about behavioural responses and reward like 
in NCL to some degree. Unfortunately, due to the fact that we could only recorded 
neurons from one bird, we did not find enough visually- or delay-selective neurons in 
ENTO to continue these analyses. We were also unable to analyse delay sensitive MVL 
neurons for the same reason. 
Among visually responsive neurons, we found that MVL PE neurons did not display 
differential activity towards Picasso and Monet stimuli within the stimulus period. In 
Freedman et al. (2003), category effects were stronger in the stimulus period than in the 
delay period in IT cortex neurons, and so we expected to find stronger category effects in 
the stimulus period of MVL neurons as well. Like with delay sensitive NCL neurons, this 
is likely due to the fact that we were only able to record from one bird in the current study. 
While we only recorded from the right hemisphere of MVL, we did not expect to see the 
same left-hemispheric dominance as in NCL, as previously we did not find any 
hemispheric differences in MVL (see Chapter 5). Further investigation into the activity 
of MVL neurons from both hemispheres during the DMC task is needed. 
188 
 
CHAPTER 8 | 
GENERAL DISCUSSION 
 
8.1. Summary of Chapters 
  8.1.1. Delay activity in the visual Wulst 
In this first study, we wanted to investigate the Wulst, the second main visual area in 
pigeons, as a potential area of interest (in addition to NCL and ENTO) for subsequent 
categorisation studies. We decided to examine the Wulst using single-unit 
electrophysiology while birds performed a simple delayed matching-to-sample (DMS) 
task, so that neural data from the Wulst could be compared to similar neural data from 
NCL and ENTO.  
We trained two groups of birds on either the CO DMS or DO DMS task from Johnston 
et al. (2017a; 2017b), in which birds were either rewarded following correct matches to 
both stimuli (CO DMS) or only rewarded following correct matches to just one of the 
stimuli (DO DMS). Behaviourally, we found that birds performed equally well on both 
trial types when trained with CO conditions, but when trained on DO conditions, the birds 
performed better on rewarded trials than unrewarded trials. We argue that the difference 
in performance under DO conditions is due to the fact that one trial type is more 
motivating than the other; that is, rewarded stimuli likely motivate the birds to remember 
the stimulus during the delay more so than when the unrewarded stimulus is shown. 
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However, birds still do well on unrewarded trials as they must choose the correct 
comparison in order to advance the task.  
On the neural level, neurons of birds who were trained on CO conditions showed 
significant differences in activity during the delay period compared to baseline ITI 
activity for both trial types. In previous studies, we found significant delay activity during 
both trial types in ENTO neurons in both CO and DO DMS trained birds (Colombo et al., 
2001; Johnston et al., 2017a), which we have argued is evidence of sample coding (i.e. 
coding information about the to-be-remembered stimulus). Therefore, similar to neurons 
in the other intermediary visual area (ENTO), Wulst neurons are likely coding 
information about the to-be-remembered stimulus under CO conditions.  
On the other hand, neurons of DO trained birds responded differently depending on 
whether they were excitatory or inhibitory. Inhibitory neurons displayed a similar pattern 
of activity to CO neurons, in that delay activity to both trial types was significantly 
different from baseline. However, unlike CO Wulst neurons, inhibitory DO neurons also 
displayed significantly different activity between rewarded and unrewarded trials during 
the delay period, indicating that these neurons were also using reward information to 
distinguish between the trial types. Previously, we also found reward-modulated activity 
in ENTO neurons under DO conditions (Johnston et al., 2017a). Most strikingly, 
excitatory DO Wulst neurons seem to be even further influenced by reward information, 
as in these neurons, only delay activity to rewarded trials was different from baseline, 
while unrewarded trials did not differ between baseline and delay activity. Delay activity 
to just the rewarded stimuli is a pattern typical of NCL, the avian analogue of primate 
PFC, an area heavily involved with reward-related processing (Johnston et al., 2017a).   
190 
 
The fact that we found reward modulation in inhibitory DO neurons and explicit 
reward coding in excitatory DO neurons indicates that the Wulst is much more involved 
in reward processing than other visual areas like ENTO. We argue that Wulst neurons 
display a high degree of flexibility in their encoding in that they can encode both sample 
and reward information, but may default to one type of coding over the other based on 
the demands of the task (i.e. the reward conditions). While there is evidence that both 
NCL and ENTO also incorporate other types of information during the delay, these two 
areas seem to have more distinct primary processing functions (visual-based information 
in ENTO, and reward-based information in NCL) than the Wulst. Due to the flexibility 
of the Wulst, it is more difficult for us to predict and understand what information Wulst 
neurons will be processing during categorisation, and thus we decided that we would not 
continue to record from Wulst neurons during subsequent categorisation studies. 
  8.1.2. Categorisation of English words and nonwords 
In the first of four categorisation studies we trained birds on a word versus nonword 
discrimination task. The semi-symbolic discrimination task required birds to peck the 
four-letter string presented if it was a real English word that they had learned or peck an 
asterisk symbol located either above or below the four-letter string if it was a nonword. 
Behaviourally, we found that all birds were able to discriminate words from nonwords at 
a high level. Furthermore, we found some correlation between behavioural performance 
and the bigram frequency of words. Two birds showed a significant correlation between 
bigram frequency and accuracy (the NCL bird with the small vocabulary and the ENTO 
bird with the large vocabulary), one bird approached a significant correlation (the ENTO 
bird with the small vocabulary), and the final bird showed no correlation (the NCL bird 
with the large vocabulary).  
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On the neural level, we found no differences in overall activity to words and nonwords 
in NCL and ENTO neurons, in any period of the task. We expected to at least find 
differences between the two categories in a visual area (ENTO) as the two categories 
should differ visually (i.e. nonwords always only contained one vowel). Unfortunately, it 
is possible that the paradigm used has prevented us from observing any differences in 
activity caused by visual differences in words and nonwords. On word trials, the birds 
were able to assess the string and then move towards it; whereas on nonwords trials, the 
birds had to assess the string and then move towards the asterisk. As we are only able to 
measure activity just before the birds pecked, we may have missed the window in which 
the birds were assessing the string and where we would expect to see differences encoded 
in a visual area.  
In terms of NCL activity, we expected more behaviourally-driven categorisation rather 
than visual-based categorisation. Interestingly, NCL neural activity seemed to be tied 
more to bigram frequency than ENTO activity, contrary to expectations. When we added 
bigram frequency as a factor, we did find a difference in activity between nonwords and 
high bigram frequency words in the reward period of the NCL bird with the smaller 
vocabulary. That is, NCL neurons in this bird appeared to be differentially encoding 
rewards associated with different categories, much like NCL neurons in Kirsch et al. 
(2009). However, differential reward coding only occurred between nonwords and high 
bigram frequency words, the two categories that were most distinct from one another. 
Activity to words with a low or medium bigram frequency was no different from either 
nonwords or high bigram frequency words, suggesting that at least for the NCL bird with 
the small vocab, bigram frequency was useful in distinguishing words both behaviourally 
and neurally.  
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We initially expected bigram frequency to have more visual associations in that it 
would be an indicator of visual differences between words and nonwords. However, it 
seems that rather than signalling visual differences in the two categories, bigram 
frequency indicates which behavioural decision must be executed. Indeed behaviourally, 
bigram frequency is correlated with accuracy in most birds, with the exception of the 
NCL bird with the larger vocabulary (Q43). Q43 does not seem to use bigram frequency 
to aid behavioural decisions and may be why we did not find similar differences in activity 
to different bigram frequencies in their neural activity as we did with the other NCL bird. 
It may also be that birds who have larger vocabularies have better memory in general, 
and rather than using bigram frequency to distinguish words from nonwords, those birds 
are able to memorise and recognise which are ‘words’ from their vocabularies. 
Furthermore, bigram frequency may be useful during learning (as seen in the behavioural 
data of Scarf et al., 2016), but once learning ceases, birds then switch to a more memory-
based discrimination.  
  8.1.3. Categorisation of Monet and Picasso paintings 
In the second of four categorisation studies, we trained birds to discriminate a set of 
Monet paintings from a set of Picasso paintings. An S+/S- paradigm was implemented, 
in which half the birds were trained to peck Picasso paintings and refrain from responding 
to Monet paintings (P+), and vice versa for the other half of the birds (M+). In addition 
to NCL and ENTO, we recorded from MVL, a higher-order visual area more recently 
considered to be analogous to primate IT cortex (Stacho et al., 2016).  
Behaviourally, we found that all birds highly discriminated between Monet and 
Picasso paintings, regardless of which set of paintings they had been trained to peck (i.e. 
M+ or P+). On the neural level, we found no differences in activity between S+ and S- 
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trials in the overall NCL population but did find a difference in the stimulus period for 
the overall population of ENTO and MVL neurons. In NCL, we expected to find 
differential activity in the reward period, especially considering our S+/S- paradigm is 
based on differential rewards. While a difference in activity to S+ and S- trials emerges 
as the reward period progresses, the difference in activity did not reach significance. The 
fact that ENTO and MVL neurons displayed significant differences in activity to Monet 
and Picasso paintings during the stimulus period indicates these visual areas encode 
differences in the visual properties of each category.  
As a further analysis, we examined whether there were any hemispheric differences in 
firing patterns within each region. While we had not found any overall differences in 
activity in NCL neurons, we now found a significant left-hemisphere bias, in which left 
hemisphere NCL neurons displayed significantly different activity between categories in 
the reward period, but right hemisphere NCL neurons did not. We also found the same 
left-hemisphere bias in ENTO neurons in both the stimulus and reward period. In birds, 
a left hemisphere dominance is well-documented for both visual categorisation 
(Vallortigara, 2000; Vallortigara & Andrew, 1994; Yamazaki et al., 2007) and reward-
related discrimination (Güntürkün et al., 2000; Güntürkün & Kesch, 1987), particularly 
when discriminating ecologically important stimuli such as food (Rogers, 2008). Thus, 
the differences in activity to S+ and S- trials during the reward period in left hemisphere 
NCL neurons indicates that the left NCL is specialised for encoding reward-category 
differences. Furthermore, the differences in activity to S+ and S- trials during the stimulus 
period in left hemisphere ENTO suggests that left ENTO is specialised for encoding 
visual category differences, particularly local features (whereas the right hemisphere 
processes global features; see Yamazaki et al., 2007). However, as we also found 
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differences in activity during the reward period in left ENTO neurons, it is likely that 
ENTO also incorporates reward-related information to help guide categorisation as has 
been suggested by previous literature (see Johnston et al., 2017a; Verhaal et al., 2012).  
While we found strong hemispheric differences in both NCL and ENTO neural 
activity, we did not find any hemispheric differences in MVL. Both hemispheres 
displayed the same differential activity during the stimulus period that was found in the 
overall MVL population. We argue that the lack of hemispheric differences in MVL 
reflects purely visual categorisation, especially as there appears to be no reward 
modulation present in MVL neurons. While categorisation based on local features of 
stimuli may be more present in ENTO neurons, information about both local and global 
features are likely processed in tandem by MVL. 
  8.1.4. Relevant and irrelevant features during categorisation 
In the third of four categorisation studies we trained birds to discriminate between two 
categories of complex exemplars. Each exemplar from each category was made up of four 
smaller stimuli, two of which were always unique to the category (relevant features), and 
two which were shared between the categories (irrelevant features). We used a 
simultaneous matching-to-category (SMC) paradigm which presented birds with an 
exemplar belonging to one of two categories. Birds were required to peck a patterned 
choice stimulus that was mapped to the category shown and were awarded the same 
reward for correct responses to both categories.  
Behaviourally, our birds were able to achieve a high level of performance in 
discriminating between the two categories. However, there were some interesting 
differences in performance, especially when compared to the performance of birds trained 
on a similar paradigm in Castro and Wasserman (2014). Our birds preferred pecking B-
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relevant stimuli from the start of training compared to B-irrelevant stimuli, despite never 
having been exposed to either set of stimuli. On the other hand, birds did not have a 
preference for pecking A-relevant stimuli over A-irrelevant stimuli at the start of training. 
As training progressed, performance to A and B exemplars equally increased to criteria. 
By the end of training, birds did tend to peck A-relevant stimuli significantly more than 
A-irrelevant stimuli, but the divergence in pecking never reached the same level as 
between B-relevant and irrelevant stimuli. We argue that the differences in pecking 
behaviour towards A and B exemplars is likely caused by visual differences between the 
relevant and irrelevant stimuli within each set. All A stimuli are blue/purple, whereas in 
B exemplars, the blue/purple irrelevant stimuli are contrasted against the more 
yellow/orange B-relevant stimuli. It may be that because all A stimuli are so similar in 
hue, birds find it hard to differentiate between the stimuli at the start of training, but 
because B-relevant stimuli are so distinct from the B-irrelevant stimuli, birds prefer to 
peck the more novel colour at the start of training.  
We analysed our neural population data on three different levels: category, relevance, 
and stimulus. At the category level, we did not find any differences in neural activity to 
the two categories in ENTO neurons. In NCL, we found a significant difference in activity 
to the two categories in the stimulus period for excitatory neurons, and in the choice 
period for inhibitory neurons. While we did not find any differences in the reward period 
as with our previous experiments, we argue that the lack of reward differences is likely 
caused by the contingency of the SMC paradigm. In the SMC task, correct responses to 
either category results in the same reward, and due to the flexible nature of the NCL (see 
Johnston et al., 2017a; 2017b), the NCL may switch away from reward processing to 
more visually based processing. In fact, we argue that for excitatory NCL neurons, it is 
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likely that these neurons are encoding colour differences between relevant and irrelevant 
stimuli within each category. On the other hand, we posit that inhibitory NCL neurons 
may be encoding differential responses associated with each category, which is why 
differences in activity emerge in the choice period for these neurons.  
At the relevance level, we did not find any differences in activity within NCL neurons. 
Due to low numbers of analysable neurons in ENTO at this level, we decided to analyse 
our neurons at the single neuron level using Bayesian mixed effects modelling. At the 
single neuron level, we now found differences in firing rates to B-relevant stimuli 
compared to A-relevant stimuli in the choice period for both ENTO and NCL neurons. 
Like our behavioural data, we posit that the differences in firing rates between these 
conditions is caused by the distinctiveness of the B-relevant stimuli compared to A-
relevant and irrelevant stimuli. Thus, at the relevancy level, NCL is likely associating the 
colour differences with behavioural relevance; that is, the blue/purple A-relevant stimuli 
are associated with a particular choice pattern key (dependent on which pattern had been 
mapped to each category during training), and the yellow/orange B-relevant stimuli are 
associated with the other choice pattern key. In ENTO, we would have expected 
differences to emerge in the stimulus period when the exemplars are first presented rather 
than the choice period. However, we argue that the birds do not look at the whole 
exemplar until the choice period commences, at which point ENTO neurons are able to 
encode visual differences in the stimuli. 
Finally, at the stimulus level, we found no differences in activity between the two 
categories for NCL neurons. We did not expect to find differences at the stimulus level 
for NCL as NCL is not likely to encode visual differences beyond the relevancy level (i.e. 
purely visual feature differences). Unfortunately, we had too few ENTO neurons 
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available to analyse at the stimulus level and could not analyse ENTO neurons at the 
single neuron level due to time restrictions. 
  8.1.5. Delayed category matching of Monet and Picasso paintings 
In the final of four categorisation studies, we trained birds to discriminate between a 
subset of the same Monet and Picasso paintings used in Chapter 5, as our birds had 
previously found these stimuli easy to discriminate. Unlike our previous experiment, we 
used a delayed matching-to-category (DMC) paradigm, in which birds were presented 
with one of the painting stimuli followed by a delay. The birds were then presented with 
one Monet and one Picasso painting and had to peck the painting that was from the same 
category as the one they had seen previously.  
Behaviourally, our bird performed highly on the discrimination, although accuracy 
was slightly lower when recording from NCL than in ENTO and MVL. However, we 
argue that the increase in performance when recording from MVL and ENTO is simply 
because we recorded from NCL first, and then reimplanted the bird to record from MVL 
and ENTO, and thus is just an artifact of the number of sessions the bird had experienced 
by that point. For our neural data, we analysed neurons in two different ways; whether 
they were visually responsive (the same way we had in our other studies) or whether they 
were delay-sensitive, i.e. whether they displayed significantly different activity during 
the delay period compared to baseline ITI activity.  
We found more delay-sensitive neurons in NCL, more visually responsive neurons in 
MVL, and an equal number of visually responsive and delay-sensitive neurons in ENTO. 
The fact that we find more delay-sensitive neurons in NCL corresponds with the idea that 
NCL is involved in guiding behaviour, and in terms of categorisation, forms associations 
between category membership and behavioural outcomes. On the other hand, the fact that 
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we find more visually responsive neurons in MVL corresponds with the idea that MVL 
is involved in visual processing, and in terms of categorisation, encodes differences in the 
visual properties of categories to aid discrimination. Similarly, ENTO appears to also be 
involved with encoding visual differences, but also encodes some behaviourally relevant 
differences (e.g., reward). 
In terms of category effects, we found that visually responsive NCL neurons displayed 
significant category effects, but not delay-sensitive NCL neurons. Monet-selective 
inhibitory (MI) neurons displayed significant differences in activity to Monet and Picasso 
paintings in both the stimulus and reward periods, while Picasso-selective excitatory (PE) 
neurons displayed significant differential activity in just the stimulus period. The fact that 
MI and PE neurons differentiate between the sets of paintings in the stimulus period 
indicates once again that NCL encodes visual differences between the paintings. 
Furthermore, the fact that MI neurons also differentiate between the categories in the 
reward period shows that the visual differences NCL encodes are likely being associated 
with different rewards, despite there being no differences in reward at face value. 
Although PE neurons do not differentiate between categories in the reward period, a slight 
difference in activity can be seen in the choice period, which may also reflect associations 
being made between visual information and behavioural outcomes. Unfortunately, it is 
difficult to draw firm conclusions from our data as we only recorded from a single bird. 
Interestingly, we found no category effects in delay sensitive NCL neurons, nor in 
either subset of MVL and ENTO neurons. While we would expect strong category effects 
in these areas, it is likely that the small sample size has prevented us from seeing any 
differences, as well as the fact that we only recorded from the right hemisphere of each 




8.2. Mechanisms of Categorisation in NCL, ENTO, and MVL 
 The aim of this thesis was to understand how neurons in NCL and ENTO are involved 
in the categorisation process, and how neurons from these areas use reward/behaviour-
driven information and visual information about a category during discrimination. Based 
on our findings (Chapters 4-7), we will propose a potential model of categorisation within 
each area and theorise how the areas interact and share information. We will also include 
MVL in our theorised model, although since we do not have extensive data from this area, 
our discussion of this area will be more speculative. 
  8.2.1. The role of NCL in categorisation 
Based on previous literature discussed in Chapter 1, we expected NCL to be heavily 
involved in using reward and relevant behavioural information to distinguish between 
categories and then execute an appropriate behavioural decision. In our first 
categorisation study, we found evidence of NCL neurons encoding rewards associated 
with different categories, despite there being no differences in the rewards themselves. 
Particularly, in the case of our word/nonword discrimination task, the bird that had not 
yet memorised their vocabulary relied on using bigram frequency to aid categorisation, 
and then to execute an appropriate response. On the other hand, the bird that had likely 
memorised their vocabulary did not use bigram frequency to guide categorisation, and 
perhaps as a reflection of behaviour, the population of NCL neurons in this bird did not 
seem to be encoding reward-related information. Thus, it seems that when there is no 
opportunity to categorise based on reward differences, NCL neurons seem to still 
associate rewards with category information during learning to guide decision making, 




Figure 8-1: A model of NCL involvement in categorisation with non-differential 
rewards (Part 1). 
Part 1: Using neural population data from our findings in Chapter 4, we model the 
potential role of NCL in categorisation, both during learning and after learning is 
achieved. 
 
In our second categorisation study, we found significant hemispheric differences in 
NCL neurons, and their involvement in categorisation. Left hemisphere NCL neurons 
were specialised for encoding information about differences in reward (i.e. reward versus 
no reward), and then using that information to execute a response. On the other hand, 
right hemisphere NCL did not appear to be involved in these processes. It is important to 
note that the S+/S- discrimination used in our second study allowed birds to use reward 
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to categorise, whereas our first study did not. Therefore, while we find a significant 
hemispheric dominance in left NCL for reward-related processing, we can only conclude 
that this occurs when there is the opportunity to encode reward differences (see Figure 8-
2). When there is no opportunity to encode reward differences, NCL must use other 
information, whether that be visual information or behavioural information, to distinguish 
between categories and execute the appropriate behavioural decision (Figure 8-1). 
 
 
Figure 8-2: A model of NCL involvement in categorisation with differential 
rewards. 
Using neural population data from our findings in Chapter 5, we model the potential 
role of NCL in categorisation, for both hemispheres. Grey indicates speculation 





In our third categorisation study, we found differences in the way excitatory and 
inhibitory NCL neurons are involved in the categorisation process. Inhibitory neurons, 
which make up the majority of NCL neurons we recorded from, are involved in executing 
differential behavioural responses (as these neurons are most active during the choice 
period). Furthermore, at the single cell level, in which the majority are inhibitory, we 
again found significant differences in firing rates associated with colour differences in 
relevant stimuli at the point when a decision is required. On the other hand, the smaller 
population of excitatory NCL neurons appear to be encoding differences in visual features 
(colour) between behaviourally relevant and irrelevant stimuli. We posit that the visual-
behavioural information encoded by excitatory neurons is then passed onto inhibitory 
neurons to execute a behavioural decision (see Figure 8-3). We will discuss where the 
visual information that excitatory neurons associate with behavioural relevancy may 





Figure 8-3: A model of NCL involvement in categorisation with non-differential 
rewards (Part 2). 
Part 2: Using neural population data from our findings in Chapter 6, we add to the 
previous model of potential role of NCL in categorisation, for both excitatory and 
inhibitory neurons. Red indicates changes to the previous model. 
 
 
In our final categorisation study, the fact that we found more delay-sensitive neurons 
over visually responsive neurons reinforces the idea that NCL neurons are highly 
involved in preparing to execute behaviour. However, we did find that some NCL neurons 
were visually responsive, and it was only in these neurons that we found category effects. 
Like our third study, among these visually responsive neurons, we found that excitatory 
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neurons appear to be encoding visual differences in the stimuli. Although we did not have 
enough neural data to make robust conclusions, we also expect that like our third study, 
these excitatory neurons are associating visual information with behaviourally relevant 
information. Furthermore, we found some evidence that inhibitory NCL neurons were 
encoding reward differentially based on which category the reward was associated with, 
despite there being no difference in reward. However, we leave our model of NCL 
involvement as it stands as the data gathered from our final study is limited. 
  8.2.2. The role of ENTO in categorisation 
Based on previous literature discussed in Chapter 1, we expected ENTO to be 
primarily involved in using visual information, that is, the visual properties of stimuli, to 
discriminate between categories. In our first categorisation study, we did not find any 
evidence of ENTO neurons showing differential activity between words and nonwords. 
We argue that the lack of differential activity was likely caused by an inability to properly 
measure the period in which the birds were looking at the four-letter string. However, we 
believe that ENTO neurons use both visual and behavioural information to form 
categories during learning, but after learning, ENTO neurons primarily encode visual 




Figure 8-4: A model of ENTO and NCL involvement in categorisation with non-differential rewards (Part 1). 
Part 1: Using neural population data from our findings in Chapter 4, we model the potential role of ENTO and NCL in categorisation, both during 
and after learning. Grey indicates speculation beyond our findings. 
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In our second study, we found significant hemispheric differences in ENTO neurons 
and their involvement in categorisation. Left hemisphere ENTO neurons were specialised 
for processing local visual features of the stimuli to discriminate between categories, but 
also appear to incorporate reward information to help form the categories. Thus, while 
ENTO neurons do seem to primarily categorise based on differences in visual features, 
these neurons also incorporate reward information to aid categorisation when there is the 
opportunity to do so (i.e., when the task results in differential reward). On the other hand, 
right hemisphere ENTO neurons did not seem to be involved in distinguishing between 
categories based on visual features, nor did right hemisphere neurons incorporate 
information about reward. We argue that while left NCL neurons primarily encode reward 
information, and left ENTO neurons primarily encode visual information, both of these 
areas must be sharing the information with one another to aid the categorisation process 





Figure 8-5: A model of ENTO and NCL involvement in categorisation with 
differential rewards. 
Using neural population data from our findings in Chapter 5, we model the potential 
role of ENTO and NCL in categorisation, for both hemispheres. Grey indicates 




In our third categorisation study, we also failed to find evidence of ENTO neurons 
encoding differences in visual features at the population level, including visual 
differences in behaviourally relevant versus irrelevant stimuli. However, we believe that 
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ENTO neurons are encoding differences in visual features, but that the way in which we 
have analysed our data is masking the results (see Chapter 6 for a more detailed 
explanation). Indeed, when we analysed our data at the single neuron level, we found 
significant differences in firing rates associated with colour differences in relevant stimuli 
at the point when the bird is looking at the stimuli, with relatively equal numbers of 
excitatory and inhibitory neurons. Therefore, we theorise that under non-differential 
reward conditions, both excitatory and inhibitory ENTO neurons process differences in 
local features, and then relay that visual information onto excitatory NCL neurons to aid 
decision making (see Figure 8-6). Unfortunately, we were not able to analyse activity to 
individual stimuli at the single cell level, but we would have expected to also find visual 













Figure 8-6: A model of ENTO and NCL involvement in categorisation with non-differential rewards (Part 2). 
Part 2: Using neural population data from our findings in Chapter 6, we model the potential role of ENTO and NCL in categorisation, for both 




In our final categorisation study, the fact that we found equal numbers of neurons that 
were visually responsive and delay sensitive, which provides further evidence that ENTO 
is involved in visual feature discrimination, but also shares visual and behavioural 
information with NCL. We did not find any category effects within visually responsive 
ENTO neurons as expected. However, a lack of evidence is likely due to the small sample 
size, and thus we leave our model of ENTO and NCL involvement as it stands. 
  8.2.3. The role of MVL in categorisation 
Although we only recorded from MVL in two of our four categorisation studies, we 
will postulate MVL’s involvement in the categorisation process alongside ENTO and 
NCL. Our first set of MVL data was recorded during our second categorisation study. We 
found that both the left and right hemisphere encoded differences in visual features 
between categories. Previous literature has shown that the left hemisphere is specialised 
for detecting and discriminating local features, while the right hemisphere is specialised 
for discriminating based on global features (Yamazaki et al., 2007). While the 
intermediary visual area (ENTO) appears to focus on encoding local features, we present 
evidence that one of the higher-order visual areas (MVL) encodes both local and global 
features, and likely incorporates this information to guide categorisation. It is likely that 
the incorporated visual information is then relayed to NCL to execute a decision (Figure 
8-7), either directly via reciprocal projections with NCL (Atoji & Wild, 2012), or 






Figure 8-7: A model of MVL, ENTO, and NCL involvement in categorisation with differential rewards. 
Using neural population data from our findings in Chapter 5 to model the potential role of MVL, ENTO, and NCL in categorisation, for both 
hemispheres. Red indicates changes to the previous model, and grey indicates speculation beyond our findings. 
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Our second set of MVL data was recorded during our final categorisation task. We 
found more visually responsive neurons than delay sensitive neurons in MVL, which we 
believe is reflective of MVL being involved with encoding visual information during 
categorisation. Like in ENTO, we did not find any category effects within visually 
responsive neurons, although the lack of evidence is likely again due to the small number 
of neurons recorded from. 
8.3. Future Directions 
We have presented our theorised model of the neural mechanisms of categorisation 
across NCL and ENTO in the pigeon brain, for tasks with and without differential 
rewards. However, we do not presume that our model provides a complete overview of 
the way these areas are involved in categorisation. For example, we were unable to 
determine what role right hemisphere NCL and ENTO play in the categorisation process 
under differential rewards. While it may be possible that the right hemispheres of these 
areas are not involved in categorical processes, we cannot say for certain whether that is 
the case. We also theorise how these areas interact with one another during categorisation, 
and what information is relayed between them. The connections described between these 
areas is grounded in histological and anatomical literature that shows that these areas 
project to one another, but it is difficult to ascertain whether these pathways are used 
during categorisation specifically. In both of these cases, it is the limitations of single-
unit electrophysiology that prevent us from fully understanding the processes within and 
between these areas.  
Firstly, single-unit electrophysiology is limited in that we can only record from single 
neurons, rather than recording across multiple neurons simultaneously. While we can 
compile data from single neurons to form a representation of the population, it would be 
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preferable to record from multiple neurons simultaneously to more thoroughly understand 
how neurons in each area work together during categorisation. Secondly, in most cases, 
we cannot record from multiple areas or hemispheres in the same bird, and thus cannot 
account for individual differences. While we hope that normalisation and combining the 
data to form population profiles would remove most of the variance between birds, it is 
always possible that individual variances still exist. In order to ameliorate these 
limitations, other categorisation studies using multiple-channel electrophysiology could 
help elucidate each area’s role in the categorisation process. 
Outside of the general limitations associated with single-unit electrophysiology, 
further research into the neural correlates of categorisation is necessary to fill the gaps in 
our model. We adapted our model as we progressed through all four of our studies, each 
of which improved on the paradigm of the previous study. We believe that our final study, 
the DMC paradigm, is the best task to help detangle the neural correlates of categorisation 
in pigeons. Unfortunately, due to time restrictions, we were unable to record from more 
than one bird, in just one hemisphere. Thus, we believe that a larger sample of data from 
such a task would help to either reinforce our model as it currently stands, or even 
potentially reveal different mechanisms of categorisation in these areas. The DMC 
paradigm could also be adapted to have differential reward outcomes, and further 
comparisons between the role of each area when differential and non-differential rewards 
are available could be made. As we found significant hemispheric differences in our 
second study, we also suggest comparing data from each hemisphere. We have also 
posited that each area encodes information about categories differently when learning 
categories versus discriminating learned categories. While we did not specifically aim to 
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investigate neural activity during learning, making such a comparison would be 
interesting and useful in unpacking each area’s role in the categorisation process. 
Finally, although it was not the main scope of this thesis, we have provided some 
preliminary insights into the role of a higher-order visual area (MVL) during 
categorisation. At the start of this thesis project, ENTO was widely considered as the 
avian analogue of primate IT cortex. However, as the project progressed, more and more 
evidence has indicated that ENTO is just an intermediary area similar to extrastriate 
cortex, while other higher-order areas like MVL, NFL, TPO, and NIL are more likely to 
be analogues of IT cortex. Therefore, in order to round out our understanding of the role 
visual areas play in categorisation, more data from these higher-order areas is needed. 
Previous literature has also not fully investigated the role of the other intermediary visual 
area, the Wulst, in these processes. Furthermore, we do not claim that only visual and 
prefrontal areas like NCL would be involved in categorisation; other areas like the 
hippocampus are also likely to be a part of the pathway we have posited in our models.  
A more complete understanding of how the neurons in the pigeon brain encode and 
process categorical information requires investigation across the whole brain. 
Categorisation is a fundamental cognitive process across a wide range of species and 
understanding the mechanisms behind categorisation in a visual animal such as the pigeon 
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